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I  ■  INIBQDUGIIQN 

Fouling  of  sur-faces  in  marine  environments  is  a  problem 
which  a-f-fects  a  wide  variety  o-f  systems  From  ship  hulls  to 
lieat  exchangers.  System  pert  or  niance,  as  well  as  operating 
costs,  suFfer  due  to  energy  losses  in  the  Form  of  increased 
Fluid  Frictional  and  heat  transFer  resistance..  Most  studies 
to  date  have  avoided  addressing  Fundamental  questions 
concerning  Fouling  in  Fluid  Flow  and  heat  transFer  systems 
and  their  e+Fect  on  Fluid  Frictional  and  heat  transFer 
resi stance. 

The  fouling  process  begins  with  transport  oF  materials 
(soluble  and  particulate)  to  a  surface  and  their  adsorption 
or  Firm  adhesion  to  the  surface.  The  Factors  which  affect 
these  processes,  such  as  surface  material,  surface  active 
Films,  and  shear  stress,  determine  the  rate  and  extent  of 
deposit  accumulation  during  the  early  stages  of  deposit 
accumul ati on , 

The  initial  accumulation  phase  is  Followed  by  a  rapid, 
Frequently  logarithmic,  increase  in  the  deposit  thickness 
and/or  mass..  The  extent  and  rate  of  growth  are  moderated  by 
Factors  such  as  water  quality  and  shearing  Forceps  at  the 
Fluid-deposit  interface.  Generally,  a  pseudo-steady  state 
deposit  accumulation  develops  where  loss  of  deposit  mass  to 
the  bulk  Fluid  (primarily  due  to  Fluid  shear  Forces) 
balances  production  of  new  deposit  due  to  physical, 
chemical,  and/or  biological  processes.  This  report  will 
discuss  the  rate  and  extent  of  accumulation  of  bioFouling 
deposits,  inorganic  deposits,  and  their  combination. 

Resulting  Frictional  and  heat  transFer  resistance  are 
closely  related  to  specific  properties  of  the  deposit.  For 
example,  viscoelasticity  and  roughness  of  the  deposit  affect 
Fluid  Frictional  and  convective  heat  transFer  resistance, 
while  deposit  thickness  and  thermal  conductivity  influence 
conductive  heat  transfer  resistance.  This  report  will 
discuss  the  contrasting  influences  of  fouling  biofilms  and 
inorganic  scale  deposits  on  energy  losses. 

Corrosion  is  another  important  deleterious  effect  of 
fouling  deposits.  Under-deposit  corrosion  is  considered  as 
one  of  the  most  serious  forms  of  deteri orati on . 

Experimental  results  are  reported  regarding  the  influence  of 
biofouling  on  corrosion  of  titanium  and  copper-nickel  70-30. 

This  final  report  for  our  project  period,  15  May  1980 
through  14  May  1983,  describes  results  of  research  projects 
related  to  fouling  biofilm  processes,  the  interaction 
between  biofouling  and  precipitation  (scaling)  processes, 
and  the  interaction  between  biofouling  and  corrosion 
prccesses.  The  research  also  focused  on  the  influence  of 
alloys  (titaniuim  and  copper-nickel  70-30)  and  to  a  lesser 
extent,  biofouling  control  procedures  (Cathelco  and 
chlorine)  on  fouling,  corrosion,  and  energy  losses. 
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Fouling  re-fers  to  the  -formation  o-f  deposits  on 
eqin  pment  surfaces  which  significantly  decreases  equipment 
performance  and/or  the  useful  life  of  the  equipment. 

TYPES  OF  FOULING  DEPOSITS 


Several  types  of  fouling,  and  their  combinations,  may 
ijccur  arid  have  been  conveniently  classified  (Epstein,  1979): 

i  ■  Sl..O.LO.Q.LE.§L.-tQULLQQ  •  the  attachment  and 

metabolism  of  macroorganisms  (macrobial 
fouling)  and/or  mi croor gani sms 
( m  ].  c I ■■■■  kDb  i  a  ]  f  ou  ling)  . 

*■-  .Lt'S'fDi£f?i_IIgac;ti,on_f  puling:  deposits 

formed  by  chemical  reaction  in  which  the 
surface  material  (e.g.,  condenser  tube) 

15  not,  a  reactant.  Polymerization  of 
psitroleum  refinery  feedstocks  is  an 
iiTiportant  example  of  this  type  fouling. 
S.QE.E.9§:L9.Q_ii?.y.LLQ3-  the  surface  material 
itself  reacts  with  compounds  in  the 
liquid  phase  to  produce  a  deposit  or 
degrade  the  surface  material, 

-f r..§§.?.iD.9-.l:9.yiiDa •  sol  i di f  i cati on  of 
liquid  or  some  of  its  higher  melting 
point  constituents  on  a  cooled  surface. 

5-  B,§.Eti£y.l.ste,_f puling :  accumulation  on 

the  equipment  surface  of  finely  divided 
solids  suspended  in  the  process  fluid. 
Sed.imentatipn_.f puling  is  an  appropriate 
term  if  gravity  is  the  primary  mechanism 
for  deposition. 

6.  ltlCS9.LaLtilt.L9Q_l9yLL0.a-  precipitation  of 
dissolved  substances  on  the  eqiupment 
surface.  This  process  is  termed  scaling 
if  the  dissolved  substances  have  inverse 
temperature  solubility  characteristics 
(e.g.,  CaC03)  and  the  precipitation 
occurs  on  a  superheated  surface. 

In  most  operating  environments,  more  than  one  type  of 
fouling  will  be  occurring  simultaneously.  For  example, 
microbial  fouling  is  not  limited  to  processes  related  to 
biological  activity,,  The  ter'm  may  also  include  the 
lD.teractipn  of  the  mi croorgani sm  and  the  associated  slime 
layer  with  both  the  chemistry  of  the  equipment  surface  and 
the  bulk  fluid.  The  interaction  can  enhance  some  of  the 
more  commonly  observed  phenomena  such  as  par't  i  cul  ate , 

'  I 'di  men!  at  i  on ,  and  corrosion  fouling. 

Ihe  i  ycLLyTls  between  the  various  types  of  fouling 
are  poorly  i.irrder stood  and,  consequently,  provide  a  challenge 
to  the  water  treatarent  chemist  or  engineer  in  terms  of 
dj_agnpsi_s  and  treatmerjt. 
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PROBLEMS  CAUSED  BY  FOULING 

The  economic  consequences  a-f  -fouling  are  the  essential 
reason  for  research  interest  in  the  -fouling  of  heat  transfer 
equipment.  To  assess  the  importance  of  a  fouling  situation, 
the  economic  and  energy  penalties  arising  from  the  operation 
of  heat  transfer  and  other  equipment  subject  to  fouling  must 
be  considered.  The  deleterious  effects  of  fouling  include 
the  following: 

1.  energy  lasses  due  to  increased  fluid 
frictional  resistance  and  increased  heat 
transfer  resistance. 

2.  increased  capital  costs  for  excess 
surface  area  in  heat  exchange  equipment 
to  account  for  fouling  heat  transfer 
resi stance. 

3.  increased  capital  costs  for  premature 
replacement  of  equipment  experiencing 
severe  under-deposit  corrosion. 

4.  unscheduled  turnarounds  or  downtime, 
resulting  in  loss  of  production,  to 
clean  heat  exchange  equipment  which 
fouled  at  an  unanticipated  rate. 

5.  reduced  performance  of  sonar  domes  and 
periscope  windows. 

6.  increased  fuel  consumption  by  ships  due 
to  fouling  of  the  hull  and  propeller 
resulting  in  increased  drag. 

7.  accelerated  corrosion  and  impaired  water 
quality  in  shipboard  drinking  water 
systems. 

8.  safety  problems  resulting  from  "leakers" 
caused  by  corrosion  pits  which  penetrate 
the  entire  tube  thickness  in  heat 
exchange  equipment. 

In  summary,  the  anticipated  presence  of  significant 
fouling  can  offset  the  size  and  other  design  features  of 
operating  equipment.  Tlie  operation  of  this  equipment 
subject  to  fouling  is  constrained  by  the  need  to  formulate 
economically  justifiable  cleaning  schedules. 

Some  progress  is  evident  in  the  understanding  of  the 
specific  types  of  fouling  described  above.  However,  the 
criticism  most  often  directed  at  such  research  is  that 
seldom  does  one  specific  type  of  fouling  occur  in  any 
relevant,  techni cal -seal e  application.  This  report  will 
focus  on  the  interaction  between  chemical,  physical,  and 
bio’ogical  p>  jcesses  contributing  to  fouling  deposition, 
mea*  >^’09  ’  c  deleterious  effects  of  those  deposits  on  heat 
exchar*- .-r  ^.arf ormance,  and  evaluation  of  strategies  for 
deposit,  control. 
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Cooling  water  contains  an  endless  variety  o-f 
"impurities”  which  may  lead  to  the  •formation  of  a  fouling 
deposit  including  the  following:  dissolved  organics  and 
inorganics,  particulates,  and  mi croorgani sms.  The  fouling 
deposits  are  major  causes  of  energy  losses  in  the  electric 
power  industry,  chemical  process  industry,  and  for  the  Navy. 
In  fact,  fouling  has  been  referred  to  as  the  "major 
unresolved  problem"  in  heat  transfer  (Taborek  et  al 
1972),  Lund  ':1981)  estimate  the  annual  fouling  cost  to  the 
United  States  in  19S0  at  1.8-2. 9  billion  dollars.  These 
costs  include  increased  capital  costs  for  added  heat 
transfer  surface,  energy  losses,  maintenance  costs,  and  loss 
of  production.  Others  have  also  estimated  the  dramatically 
high  costs  of  fouling  ( Somerscal es  and  Knudson,  1981;  Garey, 
et  al  u  ,  1980?  Cher,oweth  and  Impagl  i asz i o,  1981). 

Generally,  fouling  is  accounted  for  in  engineering 
design  of  heat  exchangers  by  adding  extra  surface  area 
(x.e.,  fouling  resistance)  in  addition  to  the  "clean  design 
area."  The  values  for  fouling  resistance  are  selected  from 
tabls;s  containing  data  of  questionable  accuracy  and 
frequently  obtained  from  unidentified  sources.  The  extra 
surface  area  frequently  is  more  than  half  of  the  total  heat 
exchanger  area  and  accounts  for  a  significant  fraction  of 
the  exchanger  cost.  Moreover,  selection  of  a  high  fouling 
resistance  does  not  guarantee  prolonged  operation  of  the 
heat  exchanger.  This  design  procedure  also  increases  the 
sizB  and  weight  of  the  exchanger  unnecessarily,  a  problem  of 
major'  concern  to  the  Navy. 
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1 1 .  MQDELL I  NG_BI  OF  I  L|!!_PRgCESSES 

Fouling  :i  &  a  comple:;  phenomericin  result  iiiq  Frcjm  ‘r,t*vercil 
prociesses  occurring  in  parallel  and  in  ser  ies.  The  rate  and 
eKtent  of  these  processes,  in  turn,  are  i  n-f  I  ueni;  ed  bs- 
numerous  physical,  chemical,  and  biological  taLtors  in  tiie 
immediate  environment  o-f  the  surface..  Many  labor-atory 
experiments  and  field  observations  have  res=.ulted  in  volumes 
of  data  without  deducing  relationships  of  wide,  general  use. 
Much  of  the  historical  data  available,  in  addition  to  future 
experimental  fouling  wort  would  benefit  from  a  conceptual 
framework  for  describing  fouling  processies.  1+  the 
conceptual  framework  could  be  stated  in  mathematical  terms, 
more  benefits  would  accrue  including  tlie  ability  to 
mathematically  simulate  fouling  processes  on  ttie 
computer ...  computer  "experiments"  frequeritiy  being  cheaper 
than  laboratory  experiments. 

A  rational  approach,  as  contrasted  with  an  empirical 
approach,  develops  the  coriceptual  framework  by  resorting  to 
fundamental  processes  which  are  reasonably  well  understood. 
These  fundamental  processes  can  usually  be  described 
mathematicc^l  ly  which  is  necessary  for  computer  simulation. 
Consequently,  such  "models"  can  be  used  to  ex tr apol ate  and 
generalize  ex  p er i men  t  a 1  r esu Its. 

The  difficulty  in  generalizing  or  extrapol  atinci 
e;;  per  i  mental  fouling  data  is  related  to  the  complexity  of 
the  process  which  frequently  involves  htaat  transfer  ,  mass 
transfer,  momentum  transfer,  as  well  as  physical,  chemical, 
and  biological  processes  at  the  surfaces.  The  rational 
approach  attempts  to  elucidate  each  of  the  fundamental 
processes  that  contribute  to  the  overall  fouling  process. 
Once  these  fundamental  processes  are  properly  understood, 
they  are  incorporated  into  a  mathematical  model  of  the 
overall  fouling  process.  This  requires  e;!per  i  ments  desigried 
specifically  to  investigate  particular  fundamental  processes 
rather  than  experimeints  which  consider  only  the  overall 
process.  This  approach  is  clearly  more  time  consuming  than 
research  which  only  consider-s  the  over'all  fouling  process, 
but  it  ultimately  leads  to  results  that  can  be  applied  with 
greater  confidence  to  a  wider  range  of  fouling  situations. 

This  type  of  "process  analysis"  has  been  described 
previously  by  Characklis  <19G1)  for  the  specific  case  of 
microbial  fouling.  Burrill  (1981)  presents  another 
illustration  of  the  power  of  this  technique  in  explaining  a 
practical  problem  of  fouling  and  the  decisions  necessary  to 
minimize  its  effects. 

These  procedures  can  also  lead  to  computer  simulation 
"experiments"  which  can  be  used  to  test  design  concepts  such 
as  the  influence  of  metallurgy,  shear  stress,  heat  flux, 
geometry,  etc.,  on  fouling  processes  and  their  influence  on 
equipment  performance.  Simulation  can  also  be  used  to  test 
operating  and  maintenance  procedures  such  as  internal 
treatments  and  cleaning  schedules.  The  process  analysis 
technique  may  also  lead  to  a  more  systematic  method  for 
developing  and  evaluating  fouling  control  techniques, 
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rpgardiess  of  whether  they  employ  physical,  chemical,  or 
even  biological  methods.  These  ideas  will  be  discussed 
b  e  1  o  w  „ 

In  summary,  the  rational  approach  to  -fouling  entails  a 
process  ^inalysis  which  identifies  the  contributing 
fundamental  processes  and  determines  the  influence  of 
pi  ocess  var lables  on  process  rate  and  extent.  The  approach 
requires  ex  per  i  nient  al  measurement  techniques  which  permit 
the  elucidation  of  the  specific  processes, 

THE  rrERATI'v’E  NATUFvE  OF  THE  PROCEDURE 


Eievelopinq  a  rational  understanding  of  the  fouling 
tirocess  is  an  iterative  process.  Figure  II-l  schematically 
describes  some  of  the  i nter r el  at i onsh i ps  between  four  of  the 
.important  activities  within  this  iterative  process: 

Cycle  l.-E.F'f-ECTC  OF  FOULING  are  MEASURED  by  some 

appropriate  instrument  to  test  the  performace 
of  the  equipment.  The  extent  of  the  problem 
is  determined  and  a  FOULING  CONTROL 
PREVENTION  TREATMENT  is  applied.  Any  change 
in  the  EFFECTS  OF  FOULING  are  observed  and 
the  cycle  is  repeated. 

Cycle  2-A  process  analysis  is  accomplished  to 

determine  the  RATE  AND  STOICHIOMETRY  of  the 
process  from  which  a  model  is  developed.  The 
influence  of  treatment  procedures  on  rate  and 
stoichmetry  may  be  critical.  The  model  is 
tested  with  a  SIMULATION  of  the  real  system 
in  which  process  variables  can  be  carefully 
controlled.  Reef  or  mu  1  at  i  on  or  modification  of 
the  iiiodel  may  follow. 

The  oveerlap  beet  ween  the  two  cycles  is  MEASUREMENT  AND 
SIMULATION.  Simulating  the  process  environment,  in  the 
laboratory  or  ttie  fieeld,  is  critically  important  to  the 
rational  approacli  and  cannot  be  overemphasized.  The 
ueefulnese;  of  a  model,  and  its  ability  to  describe  reality, 
is  strictly  cJependent  on  the  accuracy  of  the  data  used  to 
dee-yeelop  and  test  the  model. 

RATE  AMD  STOICHIOMETRIC  ANALYSIS 


The  phyeUcal,  chemical,  and  biological  transformations 
resulting  in  fouling  deposit  accumulation  are  completed  in  a 
certain  period  of  time.  For  exaniple,  some  specific  change 
may  signal  the  shutdown  of  manuf actur i ng  operations  and  the 
beginning  of  cleaning  operations.  The  time  required  for 
this  specif  iced  change  is  inversely  proportional  to  the  rate 
at  which  the  proces>B  occurs.  Thus,  the  rate  is  the  most 
important  quantity  in  process  analysis.  If  the  process 
consists  of  a  number  of  processes  in  series,  tfie  slowest 
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‘‘PHASE  DIAGRAM” 


f-igure  1I--2.  Tht?  ■fc3uling  environment  including 

microbial  cells,  macromol ecul es,  and 
other  particulate  material  in  the 
bulk  water  and  in  the  deposit., 
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step  of  tl'K  ^iequence  eexerts  the  greatest  influence  and 
L-Pntrols  the  overall  process  rate.  This  step  is  called  tlie 
"rate-determining  process"  or  "rate-controlling  process". 

Stoichiometry  is  ttie  application  of  the  law  of 
conser'vati  on  of  mass  and  the  chemical  laws  of  combining 
weights  to  chemical  processes.  Stoichiometry  provides 
1  nf  oriTiati  on  about  e;:tent  of  reaction,  composition,  and 
y  i  e  1  d  s . 

Rate  and  stoichiometry  ar-e  determined  by  measuring 
concentrat 1 ons  of  reactants  and  products.  In  the  case  of 
fouling,  the  reactions  tafe  place*  in  the  microenvironment  of 
tlie  surface  and  i  riter  f  aci  al  concentrations  are  e::tremely 
difficult  to  measure.  Consequently,  rate  and  stoichiometric; 
r'el  .;iti  onshi  i  ps  niust  be  developed  as  functions  of 
conc:entrat  1  ons  in  thie  bult-  fluid  envi  r“onment .  To  do  so 
r  equire?  a  thorough  under  stand i ng  of  the  fluid  flow  regime, 
'■.he  nature  of  the  surface,  and,  wfien  applicable,  the 
temperature  qraclient  at  the  wall. 

The  remai nder  of  this  section  will  discuss  the 
envi  r  onrient  iri  wf'.icti  fouling  reactions  occur  and  provide  an 
(.'Utline  of  methodvi  tor  its  description  and  analysis. 

Rvc.  tEM  DEEINI  I  IQN 


Figure  II-2  schematically  describes  the  fouling 
environment.  Imiportant  features  include  the  following  four 
"phases" : 

1.  fluid  phase 

2.  suspended  particulates 

3.  solid  or  semi -sol  id  fouling  deposit 

4.  the  substratum 

The  fluid  fihase  contains  dissolved  organics  and  inorganics 
as  well  as  the  suspended  parti cul ates.  The  fouling  deposit 
frequently  contains  a  large  percentage  of  water  (e.g.,  as 
much  as  80-9S  per-cent  in  biofouling  deposits)  but  is  still 
consider'ed  a  solid  phase  due  to  lact  of  fluid  motion.  The 
substratum  is  the  equipment  surface  of  concern  (e.g.,  metal 
condenser  tube).  In  many  cases  of  interest,  the  fluid  phase 
IS  in  turbulent  flow  and  the  substratum  is  at  an  elevated 
(or  reduced)  temperature  from  that  of  the  bulk  fluid  phase. 

CONSERVATION  EQUATIONS  AND  CONSTITUTIVE  PROPERTIES 


Analysis  of  this  relatively  complex  system  requires 
c;on5i  der  ati  on  of  mass  transfer,  momentum  transfer  (i.e., 
fluid  dynamics),  and  heat  transfer  as  well  as  physical, 
chemical,  and  biological  proc:e*sses.  Required  tools  include 
the  equations  for  conservation  of  momentum,  energy  and  mass 
which  are  a  result  of  Newton’s  laws  and  the  laws  of 
ther'modynami  cs . 

Table  II-l  incJicates  the  intensive  variable  (i.e., 
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variables  independent  d+  systeni  mass  or  volume)  arid  examples 
o-f  thermodynamic  properties  that  must  be  measured  to  utilize 
the  conservation  equations  e-f -f  ect  i  vel  y .  The  intensive 
variables  and  ther  modynami  c;  properties  are  relatively  easy 
to  measure  accurately. 

Constitutive  principles  deal  with  the  rates  ot 
physicochemical  processes.  Conservation  and  thermodynami c 
principles  do  not  deal  with  mechanism,  but  constitutive 
principles  do;  constitutive  principles  deal  with  mecl'iani  sm 
as  it  is  in-fluenced  by  the  constitution  ot  matter.  E;iamples 
ot  constitutive  pr inciples  are  the  laws  that  govern  rates  ot 
transport  and  rates  ot  chemical  reactions. 

Cince  conservation  principles  do  not  depend  on  the 
constitution  at  matter,  a  mathematical  model  expressing  a 
conservation  principle  is  “cor-rect"  it  all  tlows,  sources, 
and  sinks  have  been  included.  The  usetulness  ot  the  model, 
however,  depends  primarily  on  two  things: 

1.  The  choice  ot  the  system. 

2.  Availability  ot  constitutive  principles  tor 
description  ot  unknown  quantities  which  appear  in 
the  model  (e.g.,  reaction  rates). 

Mechanisms  and  constitutions  are  otten  poorly  understood. 
Ther'etore,  constitutive  relations  present  the  most 
ditticulty  in  modelling.  Transpor-t  coetticients  (Table 
II-ll),  tor  example,  are  difticult  to  measure  and  accirracy 
.15  generallv  poor,  yet,  transport  coetticients  are  essential 
to  determining  rates  ot  mass,  heat  and  momentuiii  transter  in 
touling  environments.  Reaction  rate  coet  1 1  c  i  entsi  (Ki  , 
u„,«„  ,  K,  in  Table  II-l)  depend  on  many  environmental 
tactors.  In  tact,  reaction  rate  coett f i ci ents  are  most 
otten  i_r!.t.erred  tr  om  conservation  equations  by  assuming  a 
kinetic  or  rate  model  (e.g.,  power  law  or  saturation  rate 
equation).  The  stoichiometric  coetticients  (Ai  and  Y  in 
Table  II-l)  are  also  constitutive  properties  and  relate  the 
rate  ot  consumption  or  production  at  one  reactant  to 
another . 

In  modelling  a  touling  environment,  it  may  be  necessary 
to  deal  simultaneously  with  all  three  conservation  equations 
as  well  as  reaction  kinetics.  The  interrelationships 
between  these  various  processes  otten  provide  the  greatest 
challenge  to  the  investigator.  A  usetul  illustration  is  a 
recirculating  cooling  tower  (RCT)  system  in  which 
signiticant  momentum,  mass,  and  heat  transter  is  occurring 
in  the  condenser  (heat  exchanger)  as  well  as  the  tower 
(Figure  11-3).  These  aspects  ot  the  RCT  system  have  been 
adequately  described  in  a  mathematical  torm  by  Bherwood  et 
si  (1975).  However,  the  constitutive  relationships 
describing  touling  in  the  RCT  system  have  received  much  less 
attention.  The  critical  concern  to  equipment  operators  is 
the_  i  nt  l,uence_gt_  tguiing_gn_heat_and_momentuiTi_tr  anst  er  i  n 
the  heat  exchanger.  With  reasonably  accurate  constitutive 
rel ati onshi ps  tor  touling  processes,  these  intluences  can  be 
predicted  and,  thereby,  avoided. 
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CONSERVATION  EQUATION 


MOMENTUM 

ENERGY 

MASS 

INTENSIVE 

VARIABLE 

V 

T 

c 

THERMODYNAMIC  - 

PROPERTIES  1  < 

CONSTITUITIVE 

PROPERTIES 


-  TRANSPORT 

i  ^  ' 

oC 

CHEMICAL 
■  REACTION 

•  1 

•  1 

i  -  i 

K.  A,  j 

MICROBIAL 

REACTION! 

•  1 

•  ! 

_ _ _J 

1  1 

/^nax-  ^  1 

Table  IT-1.  The  cioneer  vat  i  on  equations  and 

relate*d  variables  and  properties 
rel ated  to  fouling  in  heat  enchange 
systems. 


f-'igure  II--3.  A  rec  i  rcul  at  i  ng  cooling  tower 
system.  Fm,  Fd,Fk,  F^ 
and  Fra  are  flow  rates  of  make-up, 
drift,  evaporation,  recycle  and 
blowdown  streams,  respectively. 


11 


FUNDAMENTAL  RATE  PROCESSES.  The  constitutive  -foulincj 
relationships  can  be  classiFied  into  -four  rate  processes 
which  are  Fundamental  to  all  types  oF  Fouling.  Fouling 
deposit  accumulation  can  be  considered  the  net  result  oF  the 
Following  physical,  chemical,  and  biological  processes; 

1.  transport  oF  soluble?  arid  pai  ticulate  material  to 
the  wetted  surFace, 

2.  attachment  oF  soluble  or  particulates  to  the 
wetted  sur  Face, 

3.  chemical  or  microbial  reaction  at  the  surFace  or 
within  the  deposit,  and 

4.  detachment,  sloughing,  or-  spalling  oF  portions  oF 
the  deposit  From  the  wetted  surFace. 

The  over-all  result  is  a  pr-oqr'essi  on  oF  events  char  acter  i  z  ed 
by  three  identiFiable  periods  (Figure  1 1-4): 

1.  an  induction  period, 

2.  a  rapid  increase  in  accumul ati on,  and 

3.  an  assymptotic  or  plateau  period. 

Because  Fouling  rate  can  be  controlled  by  many  process 
variables,  one  oF  the  three  periods  may  be  negligible  in 
duration  compared  to  the  other  two. 
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Figure  III-l. 


A  siunmary  diaqram  describing  the 
fundamental  processes  contributing 
to  the  accumulation  of  a  fouling 
b 1  of  1 1  m . 
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III.  BIQFILM_FQRMAIIQNL _ A_._F:6!QGESS_ANALYSIS 

In  this  discussion,  bio-film  development  will  be 
considered  to  be  the  net  result  o-f  the  -following  physical, 
chemical,  and  biological  processes  (Figure  II-l): 

Transport  o-f  organic  molecules  and  microbial 
cells  to  the  wetted  sur-face. 

Adsorption  o-f  organic  molecules  to  the  wetted 
sur-face  resulting  in  a  "conditioned"  sur-face. 

Adhesion  o-f  microbial  cells  to  the 
"conditioned"  surface. 

Metabolism  by  the  attached  microbial  cells 
resulting  in  more  attached  cells  and 
associated  material. 

Detachment  of  portions  of  the  biofilm. 

TRANSPORT  TO  THE  WETTED  SURFACE 


When  a  clean  surface  is  immersed  in  natural  water, 
transport  controls  the  initial  rate  of  deposition.  In  very 
dilute  suspensions  of  microbial  cells  and  nutrients, 
transport  of  microbial  cells  to  the  surface  may  be  the 
rate-controlling  step  for  long  periods  of  time.  Biofilm 
development  in  open  ocean  waters  or  distilled  water  storage 
tanks  may  be  illustrative  of  these  cases.  Transport  of 
molecules  and  particles  smaller  than  0.01  -  0.1  urn  is 
described  sati sf actori 1 y  in  terms  of  diffusion.  In 
turbulent  flow,  the  diffusion  equation  must  be  modified  to 
include  turbulent  eddy  transport  (an  eddy  is  a  current  or 
bundle  of  fluid  moving  contrary  to  the  main  current). 
Transport  of  such  small  molecules  and  particles  is 
relatively  rapid  compared  to  transport  of  larger  particles. 
Consequently,  adsorption  of  an  organic  film  is  reported  to 
occur  "instantaneously"  in  many  cases. 

Transport  processes  are  also  significant  in  later 
stages  of  biofilm  development.  For  example,  mass  transfer 
and  diffusion  of  nutrients  can  influence  the  growth  rate  of 
cells  within  the  biofilm  (see  Section  below). 

Larger  particles  develop  a  sluggishness  with  respect  to 
the  surrounding  fluid.  As  the  particle  approaches  the 
wetted  surface,  eddy  transport  diminishes  and  the  viscous 
sublayer  exerts  a  greater  influence.  For  soluble  matter  and 
small  particles,  diffusion  can  adequately  describe  transport 
in  the  viscous  sublayer  (Lister,  1979;  Lin  et  al ,  1983; 

Wells  and  Chamberlin,  1967).  For  larger  particles,  other 
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mechanisms  must,  be  considered  to  explain  experimental 
obser vat  ions. 

Within  a  turbulent  -flow  regime,  larger  particles 
suspended  within  the  -fluid  are  transported  to  the  solid 
surface  primarily  by  fluid  dynamic  forces.  Particle  flux  to 
the  surface  increases  with  increasing  particle 
concentration.  However,  particle  flux  is  also  strongly 
dependent  on  the  physical  properties  of  the  particles  (e.g., 
size,  shape,  density)  and  is  influenced  by  many  other  forces 
near  the  attachment  surface. 

Microbial  cells  (0.5  -  10.0  um  effective  diameter)  can 
be  transported  from  the  bulk  fluid  to  the  wetted  surface  by 
several  mechanisms  including  the  following: 

diffusion  (Brownian) 
gr avi ty 

thermophoresi s 
tax  i  5 

fluid  dynamic  forces 
i nerti a 
lift 
drag 

dr'ai  nage 
downsweeps 

TRANSPORT  MECHANISMS.  Particles  in  turbulent  flow  are 
transported  to  within  short  distances  of  the  surface  by  eddy 
diffusion.  Particles  are  propelled  into  the  viscous  (or 
laminar)  sublayer  under  their  own  momentum.  Turbulent 
eddies  supply  the  initial  impetus  and  frictional  drag  slows 
down  the  particle  as  it  penetrates  the  viscous  sublayer 
(Friedlander  and  Johnstone,  19575  Beal,  1970).  For 
microbial  cells,  the  inertial  forces  are  very  small  because 
of  their  small  diameter  and  density  (in  relation  to  water). 

If  the  particle  is  travelling  faster  than  the  fluid  in 
the  region  of  the  wall,  the  lift  force  directs  the  particle 
toward  the  wall  (Rouhiainen  and  Stachiewicz,  1970).  This 
would  normally  be  the  case  if  particle  density  is  greater 
than  fluid  density  and  the  particle  is  moving  toward  the 
wall.  frictional  drag  forces  can  be  significant, 
especially  in  the  viscous  sublayer  region.  The  drag  force 
slows  down  the  particle  as  it  approaches  the  surface  and  is 
proportional  to  the  difference  between  particle  velocity  and 
fluid  velocity. 

If  the  mass  density  of  the  particle  differs 
substantially  from  the  fluid  density,  the  gravity  force 
may  be  significant.  For  microbial  cells  in  turbulent  flow, 
the  gravity  force  is  generally  negligible. 

Thermo pho res i s  is  only  relevant  when  particles  are  being 
transported  in  a  temperature  gradient  (Lister,  1979).  If 
the  surface  is  hot  and  the  bulk  fluid  is  cold,  the 
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ther  mophor  et  1  c  -force  will  repel  the  particle  from  the 
surface.  Eddy  diffusion  may  be  instrumental  in  dispersing 
particles  in  the  turbulent  core  region,  thus  maintaining  a 
relatively  uniform  concentration  in  that  region.  However, 
eddy  diffusion  will  not  be  significant  in  transporting 
particles  to  the  wall.  Srownian  diffusion  contributes 
little  to  the  transport  of  microbial  cells  (  1 .  urn 

diameter)  in  turbulent  flow.  Certain  microbes  are  capable 
of  motility  or  ti3\is  through  their  own  internal  energy 
independent  of  fluid  forces.  Velocities  as  high  as  5o  urn 
s~^  have  been  observed.  Taxis  could  possibly  be  a 
significant  transport  process  in  laminar  flow  or  within  the 
viscous  sublayer.  For  particles  in  liquids,  the  fluid 
drainage  force  is  significant  (Lister,  1979).  The  drainage 
force  describes  the  resistance  the  particle  encounters  near 
the  wall  due  to  the  pressure  in  the  u-aining  fluid  film 
between  the  two  approaching  surfaces.  This  force  is  quite 
large  for  a  microbial  cell  as  it  approaches  the  wall. 

Recent  research  on  the  structure  of  the  viscous 
sublayer  in  turbulent  flow  indicates  that  "dowoi weepy"  of 
fluid  from  the  turbulent  core  penetrate  all  the  way  to  the 
wall  (Cleaver  and  Yates,  1974,  1976).  Particles  in  the  bulk 

fluid  are  transported  all  the  way  to  the  wall  by  these 
convective  downsweeps.  Aside  from  lift,  this  is  the  only 
fluid  mechanic  force  directing  the  particle  to  the  wall. 
Downsweeps  are  apparently  quite  important  in  terms  of 
particle  transport  to  the  wall  in  turbulent  flow. 

For  a  tube  3  cm  I.D.  with  fluid  velocity  100  cm  s 
at  a  temperature  of  20=’C,  the  bursts  resulting  from  the 
downsweeps  have  the  following  characteristics: 

burst  diameter  0.11  cm 

average  axial 

distance  between  0.50  cm 

bursts 

mean  time 

between  bursts  0.0006  s 

Minimum  transport  rate  of  particles  would  be  observed  when 
particle  diameter  approximates  0.1  x  lO"*  cm  under 
constant  fluid  flow  conditions.  At  this  diameter.  Brownian 
diffusion  starts  exerting  a  significant  effect.  Particle 
flux  from  the  bulk  fluid  to  the  pipe  wall  for  a  bulk  fluid 
particle  concentration  10^  particles  cm"®  is 
approximately  0.1  particles  cm"®  s"^. 

influence  of  surface  roughness.  Surface  roughness 
si gni f i cant 1 y  influences  transport  rate  and  microbial 
cell  attachment  for  several  reasons  including  the 
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■f  ol  1  owi  ng : 

1.  increases  convective  mass  transport  (i.e.,  mass 
transport  due  to  -fluid  motion)  near  the  sur-f ace 

2.  provides  more  "shelter"  -from  shear  -forces  -for 
small  particles 

3.  increases  sur-face  area  -for  attachment 

H  surface  roughness  elements  are  larger  than  the 
viscous  sublayer,  the  roughness  can  be  measured 
quantitatively  by  hydraulic  methods.  If  surface  roughness 
elements  are  smaller  than  the  viscous  sublayer  (i.e., 
mi croroughness) ,  measurements  of  roughness  are  difficult  to 
quantify  and  interpret  (Thomas,  1982).  Browne  (1974) 
reports  that  particle  deposition  from  gases  is  very 
sensitive  to  surface  roughness  too  small  to  affect  fluid 
frictional  resistance. 

C0NSEQUENCE8  OF  TRANSPORT  RATES  ON  BIOFILM  DEVELOPMENT. 

When  a  "clean"  surface  first  contacts  water  containing 
biological  activity,  organic  substances  and  microbial  cells 
must  be  transported  to  the  surface  before  biofilm 
development  can  begin.  Consequently,  the  rate  of  transport 
of  these  components  determines  the  length  of  the  "induction" 
period,  i.e.,  the  initial  period  during  which  no  macroscopic 
effects  of  the  biofilm  are  evident.  In  very  dilute 
solutions  (e.g.,  open  ocean),  the  rate  of  transport  may 
control  the  overall  rate  of  biofilm  development  for  long 
periods.  Rate  of  transport  is  proportional  to  the 
concentration  difference  between  the  bulk  fluid  and  the 
surface  (Bryers  and  Characklis,  1981).  In  dilute  solution, 
this  difference  is  small.  The  flow  regime  (zero,  laminar  or 
turbulent  flow)  also  significantly  influences  transport 
rates  and  should  be  defined  carefully  in  any  experimental 
system  used  for  biofilm  studies.  Maintenance  of  surface 
characteristics  is  also  critical  in  the  reproducibility  of 
the  results  and  their  application  because  as  surface 
roughness  increases  so  will  transport  and  attachment  rates. 
Which  rate  control s--that  of  transport  or  that  of  adhesion? 

SUMMARY  OF  TRANSPORT  PROCESSES.  So  little  is  known  about 
rate  of  transport  of  particles  (e-g.,  bacterial  cells)  in 
water  under  fluid  flow  or  quiescent  conditions  that  the  cell 
"striking"  rate  at  a  surface  cannot  be  determined. 
Consequently,  net  attachment,  adsorption,  or  adhesion  is 
the  quantity  generally  reported.  Determination  of  cell 
transport  rate  would  permit  calculation  of  a  cell  sticking 
efficiency,  a  useful  criterion  for  comparing  performance  of 
coatings,  chemicals,  and  other  anti-fouling  treatment. 
Particulate  transport  research  could  also  determine  the 
dominant  transport  mechanisms  under  different  conditions  and 
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lead  to  unique  proposals  -for  -fouling  prevention  and/or' 
control . 

ADSORPTION  OF  A  "CONDITIONING"  FILM 


Microorganisms  select  their  habitats  on  the  basis  of 
many  factors,  including  the  nature  of  the  wetted  surface 
(material  of  construction  and  surface  roughness). 

Adsorption  of  an  organic  monolayer  occurs  within  minutes  of 
exposure  and  changes  the  properties  of  the  wetted  surface. 
Investigations  have  shown  that  materials  with  diverse 
surface  properties  (e-g.,  wettability,  surface  tension, 
electrophoretic  mobility)  are  rapidly  conditioned  by 
adsorbing  organics  when  exposed  to  natural  waters  with  low 
organic  concentrations.  These  organic  molecules  frequently 
appear  to  be  polysaccharides  or  glycoproteins. 

RATE  AND  EXTENT  OF  ADSORPTION.  Loeb  and  Neihof  (1975)  and 
DePalma  et .  al . ,  (1979)  have  measured  adsorption  rates  of 

organic  molecules  in  seawater,  and  Bryers  (1979)  has 
observed  adsorption  rates  in  a  laboratory  system.  Rate  and 
extent  of  adsorption  in  these  investigations  are  presented 
elsewhere  (Characklis,  1981).  Rates  as  high  as  0.45  nm 
min~^  were  observed  but  maximum  accumulation  from 
molecular  fouling  was  always  less  than  0.1  urn.  The  rate  of 
molecular  fouling  can  be  considered  instantaneous  since  it 
is  much  greater  than  the  rate  of  microbial  fouling.  Based 
on  "thickness"  measurements,  molecular  fouling  can  have  no 
significant  effect  on  fluid  flow  or  heat  transfer. 
Nevertheless,  the  surface  properties  resulting  from 
adsorption  of  an  organic  film  may  affect  the  sequence  of 
microbial  events  which  follow. 

A  unique  aspect  of  diatom  adhesion  is  that  at  least  one 
organism  may  not  require  surface  conditioning  films  to  be 
present  on  the  substrata  before  adhesion  takes  place. 

Cooksey  (1981)  found  that  a  washed  culture  of  the  diatom 
fimphora  coffeaefornis  adheres  to  glass  surfaces  in  less 
than  five  minutes.  In  these  experiments,  pre-adsorbed 
macromol  ecLil  ar  films  could  arise  from  the  washing  procedure 
for  the  glassware,  the  analytical  grade  simple  salts  used  in 
the  suspending  fluid,  or  from  the  cells  themselves. 

F're-condi  ti  oni  ng  the  substrata  with  media  from  previous 
experiments  did  not  alter  the  kinetics  of  the  diatom 
attachment.  (B.  Cooksey,  unpublished  results). 

Brash  and  Samak  <1978)  present  experimental  evidence 
that  significant  turnover  occurs  in  molecular 
(proteinaceous)  fouling  films  on  polyethylene.  Protein 
molecules  in  the  bulk  fluid  are  continuously  exchanging  with 
absorbed  proteins.  This  suggests  that  dispersed  microbial 
cells  and  their  associated  extracel I ul ar  material  maybe 
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continually  ev; changing  with  bio-film  material  at  the  wall. 

CHARACTERIZATION  OF  THE  CONDITIONING  FILM.  These  new, 
oi-gani  cal  1  y-condi  t  i  oned  inter-faces  influence  considerably 
the  adhesion  of  microbes.  This  conditioning  film  has  been 
investigated  by  various  means.  For  instance  Loeb  and  Neihof 
(1975)  found  that  the  contact  angle  (Zismam,  1964)  of  the 
pi  at  1 num- water  or  -methylene  iodide  interface  increased 
considerably  when  the  platinum  had  been  exposed  to  natural 
sea  water.  Similar  results  have  been  obtained  by  DePalma 
is-t  al  (1979)  in  natural  systems.  The  phenomenon  did  not 
occur  when  the  organic  fraction  of  the  sea  water  had  been 
phot  o-o;;  1  d  i  z  ed  with  short-wave  uv  radiation.  From  this  and 
some  studies  of  the  fluorescence  of  the  adsorbed  layer,  Loeb 
and  Neihof  conclude  that  the  film  responsible  for  the 
decreased  wetting  of  the  platinum  is  organic  and  that  humic 
acids  may  be  implicated  in  its  formation.  Baier  and  various 
co-workers  have  cltar  acter  i  zed  these  acquired  films  as 
largely  glycoprotein  (Eiaier,  19805  Baier  and  Weiss,  1975; 
Marshall,  1979).  These  conclusions  depend  on  the  internal 
total  reflectance  infrared  spectrophotometr i c  analysis  of 
the  films  adsorbed  on  pure  germanium  prisms.  The  technique 
has  been  described  in  detail  by  Harrick  <1967).  Marshall 
(1979),  from  results  obtained  in  collaboration  with  Baier, 
implies  that  because  the  protein  and  polysaccharide  I.R. 
absorption  signals  are  detectable  on  the  germanium  prism 
before  the  onset  of  bacterial  adherence,  the  formation  of 
the  conditioning  film  is  an  obligate  first  step  in  the 
attachment  of  organisms  to  surfaces.  Baier  (1980)  has  made 
the  statement  more  emphatically.  This  is  probably  so  in  all 
natural  systems  because  of  the  universal  presence  of  organic 
macromolecules  in  natural  waters  and  differential  kinetics 
of  the  two  processes.  There  appears  to  be  no  evidence, 
however,  that  mi cr oor gani sms  can  only  attach  to 
conditioned  surfaces.  Indeed,  some  surfaces  with  adsorbed 
proteins  inhibit  bacterial  adhesion.  For  example,  Fletcher 
(1976)  showed  that  the  adhesion  of  a  marine  F'seudomonad  to 
polystyrene  was  inhibited  by  albumin,  gelatin,  fibrinogen 
and  pepsin.  The  influence  of  such  compounds  is  certainly 
not  clear-cut  since  Meadows  (1971)  found  that  although 
albumin  was  inhibiting  in  his  system,  casein  and  gelatin 
facilitated  the  process  of  adhesion.  Adsorption  of  such 
molecules  decreases  the  surface-energy  of  clean,  high  energy 
surfaces  (70  dynes  cm“* )  but  has  little  effect  on  low 
energy  surfaces  (20  dynes  cm“^)  (Baier,  1900).  The 
concept  of  surface  energy  is  discussed  further  below.  One 
would  e -pect  that  surfaces  of  initially  differing  energies, 
after  conditioning  with  an  adsorbed  layer  of  protein,  would 
influence  the  adhesion  of  cells  similarly.  This  appears 
not  to  be  the  case.  E<aler  (1980)  has  shown  that  the  spread 
areas  of  mammalian  cells,  a  parameter  related  to  the 
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lirmness  D-f  adhesion,  is  correlated  with  the  initial  energy 
of  the  surface,  i.e.,  before  conditioning  has  taken  place. 
Tlius,  siliconized  surfaces  promoted  adhesion  of  cells,  even 
after  protein  conditioning  of  those  surfaces.  The 
configuration  of  the  conditioning  film,  therefore,  must  be 
influenced  by  the  initial  surface  state  of  the  substratum 
(Baier,  1980).  However,  alternative  e;;pl  anati  ons  are 
possible  (see  below).  These  subtle  modifications  of 
surfaces  by  organic  macromol ecul es  are  not  reflected  in 
changes  of  their  surface  charge.  Neihof  and  Loeb  (1972) 
showed  the  convergence  of  surface  charge  on  various  types 
(by  means  of  mi croel ectophor esi s  experiments)  of  particles 
when  exposed  to  natural  sea  water.  Thus,  it  seems  that  the 
role  of  conditioning  films  in  the  adhesion  of  cells  to 
surfaces  is  not  yet  clear.  One  of  the  problems  in  drawing 
conclusions  from  the  published  investigations  in  this  area 
of  research  is  related  to  the  use  of  divergent  experimental 
designs.  For  instance,  various  workers  have  used  different 
microbial  types,  substrata,  and  conditioning  macromolecules. 
One  further  problem  lies  in  the  fact  that  the  ability  of 
cells  in  laboratory  culture  to  adhere  sometimes  changes  with 
time  (Coster ton,  et  al ,  1981). 

ADHESION  OF  MICROBIAL.  CELLS  TO  THE  WETTED  SURFACE 

Shortly  fallowing  the  conditioning  of  the  substratum, 
bacterial  adhesion  begins.  In  most  studies,  adhesion  has 
not  been  distinguished  from  colonization  which  includes  the 
effects  of  subsequent  growth  of  bacteria.  Thus,  numbers  of 
bacteria  reported  on  substrata  may  represent  an  integration 
of  both  processes. 

Previous  research  (Marshall  et  al ,  1971;  Zobel  1  , 

1943)  suggests  the  existence  of  a  two-stage  adhesion 
process:  (1)  reversible  adhesion  followed  by,  (2)  an 

irreversible  adhesion.  Reversible  adhesion  refers  to  an 
initially  weak  adhesion  of  a  cell  which  can  still  exhibit 
Brownian  motion  but  is  readily  removed  by  mild  rinsing. 
Conversely,  irreversible  adhesion  is  a  permanent  bonding  to 
the  surface,  usually  aided  by  the  production  of  EPS.  Cells 
attached  in  this  way  can  only  be  removed  by  rather  severe 
mechanical  or  chemical  treatment.  The  forces  influencing 
both  reversible  and  irreversible  adhesion  will  be  discussed 
bel ow. 

HYDRODYNAMIC  EFFECTS.  Most  of  the  research  on  cell  adhesion 
has  been  conducted  at  very  low  fluid  shear  stress  or  in 
quiescent  conditions  which  suggests  sedimentation  or 
diffusion  may  control  the  rate  of  adhesion.  There  is  yet 
to  be  a  demonstration  of  reversible  adhesion  in  turbulent 
flow. 

In  turbulent  flow,  the  net  rate  of  adhesion  is  the 
quantity  most  easily  measured.  The  net  rate  of  cell 
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adhesn  on  is  the  d  i -f -f  er  ence  between  the  rate  o-f  cell  adhesion 
and  rate  o-f  cell  detachment.  Powell  and  Slater  (1983) 
clearly  show  that  any  analysis  which  assumes  that  all  cells 
contacting  the  surface  become  irreversibly  attached,  grossly 
overestimates  the  surface  cell  population.  Cell  detachment 
results;  from  several  forces  including  the  following: 

fluid  dynamic  forces 
shear  forces 
lift,  (upsweeps) 
ta;-:  i  s 


Upsweeps  are  analogous  to  the  downsweeps  discussed  in 
relation  to  transport.  Downsweeps  and  upsweeps  result  in 
t-urbulent  bursts  which  move  to  and  away  from  the  surface 
into  the  bulk  flow.  Upsweeps  generate  a  lift  force  normal 
to  the  surface  which  can  influence  detachment.  Drag  or 
viscous  shear  forces  act  in  the  direction  of  flow  on 
attached  cells  and  are  appro;-:  i  matel  y  1000  times  greater  than 
the  lift  forces  acting  on  attached  cells.  Note  that 
although  viscous  shear  may  dislodge  a  particle,  unless  a 
lift  force  is  present,  the  particle  will  presumably  roll 
along  the  surface  until  another  surface  adhesion  site  is 
found . 

PHYSICOCHEMICAL  FORCES.  The  forces  that  reversibly  b  :d  a 
cell  to  a  surface  have  been  reviewed  at  various  levels  of 
mathematical  complexity  (Pethica,  1969,  1980;  Baier,  1980; 

Daniels,  1980;  Dolowy,  1980;  Fletcher,  1980;  Gingell  and 
Vince,  1980;  Rutter,  1980;  Rutter  and  Vincent,  1980). 

Despite  the  large  number  of  reviews  and  a  considerable 
amount  of  work,  theory  does  not  explain  the  natural 
phenomena  very  well. 

There  are  basically  two  theories  of  the  initial 
interactions  of  cells  and  substrata.  In  the  first,  the 
electrostatic  properties  of  the  system  (DLVO  theory)  are 
considered,  whereas  the  second  considers  interfacial  free 
energy  of  the  system  ('wettability'  theory). 

.DLy_Q_thegry  gf_adhe5ign.  The  DLVO  theory  is  named  for 
Derjuaguin  and  Landau  (1941)  and  Verwey  and  Overbeek 
(1948). The  positions  of  attraction  have  been  called  the 
primary  minimum  (at  small  separations)  and  the  secondary 
minimum  (at  larger  distances  of  separation).  At  a  point 
between  repulsive  forces  are  maximal.  Problems  with  this 
approach  reside  in  the  values  used  for  the  charges  on  the 
surfaces,  the  different  geometry  at  the  attachment  site,  and 
the  varying  dielectric  constant  of  the  liquid  as  the  two 
surfaces  approach.  In  addition,  Hamaker's  constant  cannot 
be  measured  in  these  types  of  systems  (Rutter,  1980).  The 
theory  predicts  that  reversible  adhesion  can  take  place  at 
the  secondary  minimum  (about  5-10  nm) .  This  at  least 


21 


appears  trire  and  has  been  described  by  Marshall  et  al 
(1971).  Time  spent  at  this  distance  may  be  sut-ficient  for 
other  adhesive  forces  to  become  effective,  e..  g.,  polymer 
bridging.  It  is  unlikely  that  cells  are  able  to  approach  a 
SLibstratum  sufficiently  closely  (e.g.,  less;  than  1  nm)  to 
overcome  the  repulsive  peak  which  e>;ists  between  the  primary 
and  secondary  minima.  For  instance,  it  has  been  calculated 
that  the  energy  developed  by  a  pseudomonad  swimming  at  33  um 

IS  insufficient  to  overcome  this  barrier  (Marshall 
et  al  ^  1971).  The  mathematical  expression  of  DLVD  theory 

of  particle  interaction  includes  the  radius  of  the 
particles.  As  the  radius  of  the  particles  decreases,  the 
repulsive  energy  barrier  decreases.  Thus,  when  cells  are 
able  to  reduce  their  effective  radius,  as  in  the  production 
of  filopodia  (e.g.,  mammalian  cells)  or  fimbriae  (bacteria), 
they  may  overcome  the  repulsive  maximum  and  adhere  at  the 
primary  attraction  minimum  (Rogers,  1979;  Weiss  and  Harlos, 
1977).  All  of  the  results  mentioned  above  have  been 
obtained  in  systems  with  little  or  no  fluid  shear  stress — a 
situation  that  rarely  obtains  in  the  natural  environment. 
lQ£,SCl§.?.LsL-.£C§®_§0.gC9ii_.§Qd_§^tl§'.li9D  ■  Theoretically,  if  the 
total  free  energy  of  a  system  containing  a  cell  and  an 
adjacent  substratum  is  reduced  by  contact,  then  adhesion  of 
the  cell  to  the  substratum  will  result.  In  many  cases, 
adhesion  of  cells  has  been  related  to  the  critical  wetting 
tension  (mammalian  tumour  cells,  Baier,  1980;  bacteria, 
Dexter  et  al ,  1979;  diatoms,  Cooksey,  Cooksey,  and  Baier, 

see  Figure).  This  parameter  is,  in  turn,  related  to  the 
contact  angle  between  model  liquids  and  the  substrata  being 
studied  (Zisman,  1964).  Harper  and  Harper  (1967)  showed 
that  diatom  adhesion  to  glass  was  stronger  than  to  plastic. 
The  activity  of  the  surfaces  was  not  reported  but  the  glass 
probably  had  the  higher  surface  energy.  Diatom  adhesion  to 
substrata,  as  judged  by  experiments  with  ft.  co  f  feaefarmi  s , 
exhibits  the  same  relationship  with  substratum  surface 
energy  as  has  been  described  for  other  organisms,  including 
minimal  adhesion  at  approx i matel y  25  dynes  cm"^  (Grinnell 
et.  al  .  .  1972;  Dexter,  1978;  Baier  ,  1970,  1973,  1975). 

F'ethica  (1980)  finds  the  relationship  between  critical 
wetting  tension  and  adhesion  of  particles  (cells)  to  be 
qualitative  at  best.  Pethica  notes  that  the  Young  equation 
demands  that  particles  be  homogeneous  and  the  surface  be 
insoluble  in  the  wetting  liquid  used  to  measure  the  contact 
angle.  In  practice,  none  of  these  requirements  are 
rigorously  obtained.  Experimental  results  do  allow  us, 
however,  some  confidence  in  the  use  of  contact  angles  for 
ranking  both  particles  (cells)  and  the  substrata. 

Some  of  the  objections  related  to  the  measurement  of 
contact  angles  under  one  set  of  conditions,  and  their 
application  in  quite  different  experimental  circumstances, 
have  been  overcome  by  Fletcher  and  Marshall  (1982).  They 
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measured  contact  angles  o-f  experimental  sur-faces  both  in  the 
'clean'  and  conditioned  state  in  an  aqueous  system  using  an 
air  bubble  contact  method.  They  -found  that  the  relative 
adhesion  of  bacteria  to  plastic  substrata  became  modified  by 
the  adsorption  of  various  proteins  and  these  modifications 
were  reflected  in  a  change  in  measured  contact  angles. 
Qt_het:._.DPD2:£P.Y®l®Dt_fo!l£e^-  Other  forces  that  are  responsible 
for  cellular  adhesion  include  hydrogen  bonds,  hydrophobic 
interactions,  and  ionic  bonds  (bridging).  All  of  these  act 
at  stiort-range  (i.e„,  appr  ox  i  matel  y  1  nm)  . 

f-XTRACELLULAR  POLYMERIC  SUBSTANCES  (EPS)  .  Mar  shal  1  (Marshall 
et  al ,  1971;  Marshall,  1980)  has  interpreted  the 

physicochemical  theories  above  in  practical  terms. 

Initially,  cells  are  held  close  to  a  surface  in  a  state  of 
reversible  or  temporary  adhesion.  Cells  in  this  state  are 
often  removed  by  gentle  washing  of  the  substratum,  but  those 
organisms  undergoing  gliding  motility,  although  temporarily 
adhered,  are  not  removed  by  this  stress.  If  the  cell 
resides  at  a  surface  for  some  critical  time,  it  becomes 
irreversibly  bound  through  the  mediation  of  a  cementing 
substance.  This  implies  that  such  cells  are  no  longer 
mot  lie, 

Zobell  (1943),  a  pioneer  in  the  field  of  microbial 
adhesion,  suggested  the  participation  of  extracellular 
cementing  substances  in  the  adhesion  of  cells  to  substrata. 
Since  then,  considerable  attention  has  been  directed  at 
these  extracellular  polymeric  substances  (EPS).  However, 
much  confusion  exists  over  the  terminology  for  the 
extracellular  material  intimately  related  to  biofilms 
(E<owles  and  Marsh,  1982).  Glycocalyx,  slime,  capsule,  and 
sheath  have  all  been  used  in  referring  to  extracellular 
polymeric  substances  associated  with  individual  cells,  cell 
aggregates,  or  biofilms.  EPS  appears  to  be  the  least 
restrictive  term.  For  example,  glycocalyx  is  defined  as 
"tangled  fibers  of  polysaccharides  or  branching  sugar 
mol  ecLil  es.  .  .  "  (Costerton  et  ai  ,  1978).  However,  in 
biofilm  processes  and  in  microbial  adhesion  in  general, 
other  macromolecules  besides  polysaccharides  and  sugars  are 
found  within  the  organic  matrix  including  glycoproteins 
(Humphrey,  et  al ,  1979),  proteins,  and  nucleic  acids 

(Nishikawa  and  Kuriyama,  1968).  Therefore,  unless  extensive 
identification  has  been  performed,  components  of  the  organic 
matrix  will  be  referred  to  as  EPS  (Geesey,  1982).  EPS  can 
conceivably  contribute  to  biofilm  processes  in  many  ways 
including  the  following: 

1.  provide  cohesive  forces  within  the  biofilm 

2.  adsorb  nutrients 

3.  protect  immobilized  cells  from  rapid  environmental 

changes  including  the  influence  of  biocides 
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4.  adsorb  heavy  metals  -from  the  environment 

5.  adsorb  particulate  material  and  other  detritus 

6.  serve  as  a  means  o-f  intercellular  communi  cat  i  on  within 
the  bio-film 

7.  provide  short  term  energy  storage  via  the  cell  membrane 
potent! al 

8.  enhance  intercellular  trans-fer  of  genetic  material 

EPS  also  significantly  influences  the  physical  properties  of 
the  biofilm  including  the  diffusivity,  thermal  conductivity, 
and  rheological  properties.  Presumably,  water  activity 
and/or  osmotic  pressure  are  elevated  in  a  dense  aggregate  of 
EPS. 

ii§ilt.er  i  al  _EPS.  As  yet,  we  have  little  information 
concerning  the  structural  analysis  of  purified  adhesive  EPS 
in  microbial  systems.  This  is  in  contrast  to  the  expansive 
literature  on  the  structure  of  one  of  the  adhesive  EPS  of 
mammalian  cells,  fibronectin  (Olden  et  al ,  1980).  For 

light  microscopy,  EPS  can  be  stained  with  crystal  violet, 
ruthenium  red,  and  alcian  yellow  (or  blue).  Some  of  the 
stains  have  been  used  also  for  transmission  electron 
microscopy  (TEM) .  Conclusions  concerning  the  chemical 
structure  of  EPS  based  on  staining  alone  are  tenuous  (see 
below).  In  electron  microscopic  studies,  especially  where 
staining  with  ruthenium  red  or  other  dyes  has  been  applied, 
bacteria  attached  to  surfaces  appear  to  be  enmeshed  in 
fibrillar  material  with  certain  of  the  fibrils  bridging  to 
the  substratum  (e.g.  Corpe  et  al ,  1976,  Fletcher,  1980). 

The  fibrillar  nature  of  such  polymers  may  be  an  artifact  of 
fixation  or  drying  in  preparation  for  TEM  examination,  since 
in  nature  the  EPS  is  highly  hydrated  (Geesey,  1982). 

There  are  many  gualitative  analyses  of  bacterial  EPS — 
usually  considered  to  be  carbohydrate  with  acidic  groups 
(Corpe  et  al ,  1976;  Fletcher  and  Floodgate,  1973),  amino 

groups  (Baier,  1975),  and  sometimes  associated  with  proteins 
(Corpe  et  al ,  1976).  In  most  qualitative  analyses, 

however,  the  possibility  of  multiple  polymers  of  different 
structures  and  composition  is  rarely  considered.  Thus,  the 
various  functional  groups  may  reside  on  separate  polymers, 
e.g,,  detection  of  protein  and  carbohyddr ate  in  an  EPS  does 
not  imply  the  presence  of  a  glycoprotein  unless  the  polymer 
is  known  to  be  single,  covalently-linked  entity.  This 
problem  has  been  recognized  recently  by  Fletcher  (1980). 
Based  on  electron  microscopical  hi stochemi cal  evidence,  she 
earlier  postulated  (Fletcher  and  Floodgate,  1973)  that  the 
attachment  polymer  of  a  marine  pseudomonad  NCMB  2021  was  an 
acid  polysaccharide.  Hydrolysis  of  an  extracellular 
carbohydrate  fraction  of  these  cells  often  showed  the 
presence  of  neutral  sugars  (Sutherland,  19Q2)  found  in 
polymers  of  this  type  (glucose,  mannose  and  galactose, 
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gl  nc;o?;am]  ne,  rhamnose  and  ribose),  but  no  uronic  acids. 
Carbo'vlic  acid  groups  detected  in  the  polymer  by  in-frared 
spectroscopy  were  considered  to  be  associated  with  protein 
sirice  no  uronic  acids  wer’e  detected  a-fter  hydrolysis. 

Uronic  acids  were,  however,  detected  in  adhesive  polymers 
from  F 1  ex  .1  bsct€-r  analyzed  by  Humphrey  et  al  (1979). 

Th . s  analysis  is  probably  one  of  the  most  detailed  for  a 
substance  inown  to  be  involved  directly  in  bacterial 
adhesion.  These  workers  found  that  a  partially  purified 
ev;  tr  acel  1  ul  ar  slime  contained  both  protein  and  carbohydr  ate, 
with  glucose,  galactose,  fucose,  deoxysugars  besides  uronic 
acids  in  tlie  hydrolysate.  Repeated  attempts  to  remove  the 
protein  from  the  carbohydr atre  fraction  were  unsuccessful. 
Thus,  it  was  concluded  that  the  polymer  could  be 
glycoprotein.  Cal cul cati ons  based  on  measurements  and 
reasonable  assumptions  for  the  system  showed  that  the  force 
required  to  separate  F 1 exi bacter  cells  from  surfaces  was 
five  times  more  than  was  needed  for  horizontal  movement, 
i.e„,  the  polymer  really  did  possess  Stefan  adhesive 
properties.  Polymers  in  EPS  may  well  attach  to  substrata  by 
ionic  bonds  (if  they  contain  -C00~  groups)  or  hydrogen 
bonds.  The  possibility  certainly  exists  that  bacterial 
polymers  could  form  heterocopolymers  with  surf ace-adsorbed 
materials.  Thus,  partially  accounting  for  their  adhesive 
nature  (Rogers,  1979). 

There  is  no  clear  picture  concerning  the  participation 
of  fimbriae  in  the  formation  of  biofilms.  Although  the 
adhesion  of  F.  col i  to  mammalian  epithelial  cells  involves 
fimbriae,  they  are  not  involved  in  its  attachment  to  glass. 
fictinomyces  and  Bacteroides  species  inhabiting  the  human 
mouth  are  fimbriate  and  these  organisms  are  involved  in  the 
formation  of  dental  plaque,  most  certainly  a  form  of  biofilm 
(Slots  and  Gibbons,  1978).  One  particularly  interesting 
aspect  of  adhesion  mediated  by  fimbriae  has  been  described 
by  Rosenberg  et  al  (1982).  These  workers  showed 
conclusively  that  fimbriae  on  the  cell  surface  of 
F>c  inetobacter  cal  coacet  i  cus  were  involved  in  its  adhesion 
and  subsequent  growth  on  hexadecane  at  the  hydrophobic 
liquid-liquid  interfaces.  Mutants  lacking  fimbriae  were  not 
adherent;  revertants  adhered  and  also  acquired  the  ability 
to  p)roduce  fimbriae.  One  aspect  of  adhesion  mediated  by 
fimbriae  that  does  not  seem  to  have  been  exploited  in 
research  on  adhesion  to  inanimate  objects  is  its  specific 
inhibition  by  mannose  and  sometimes  2-deox y  glucose. 

There  seems  to  be  no  evidence  for  the  parti ci pati on  of 
bacterial  flagella  in  biofilm  adhesion.  They  may  be 
concerned  in  propelling  cells  to  the  secondary  minimum,  but 
we  have  not  been  able  to  find  examples  of  cells  attached 
only  by  their  flagella.  Conclusions  implicating  flagella  in 
adhesion  which  depend  on  results  obtained  with  chemically 
fixed  microbial  cells  should  be  treated  with  caution  (Ward 
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and  Berkeley,  1980). 

There  are  no  documented  cases  o+  lectin  mediation  in 
adhesion  oi  mi  croorgan  i  sms  to  non-living  sur-faces.  However, 
if  one  regards  the  dental  pellicle  as  non-living,  then 
bacteria  possessing  lectin-like  ligands  are  known  to  attach 
with  considerable  speci-ficity  to  receptors  on  its  sur+ace 
(Gibbons,  1980).  Further  examples  o-f  lectin-Tike 
interactions  will  likely  be  documented  in  the  -future  as 
research  workers  study  the  specificity  of  adhesion  both  at 
the  macro-  and  microbiological  level. 

The  most  common  microalgae  to  adhere  to 
submerged  substrata  are  diatoms.  There  are  several  methods 
by  which  these  cells  attach  as  discussed  at  length  by 
Chamberlain  (1976).  Light  microscopy  shows  cells  attached 
by  mucilage  pads,  stalks  or,  in  some  cases,  they  are  found 
inside  mucilage  tubes  attached  to  a  substratum  e.g., 
fimphi  pleura  ratilans.  A  further  method  of  attachment 
concerns  the  raphe  canal .  In  these  cases,  light  microscopy 
does  not  show  the  means  of  adhesion.  The  raphe  system  of  a 
diatom  is  a  single  or  double  slit  in  the  silica  cell  wall 
and  runs  along  the  long  axis  of  the  cell  allowing  direct 
communication  of  the  cytoplasmic  membrane  and  the 
extracellular  environment.  The  raphe  is  clearly  involved  in 
gliding  motility  and,  therefore,  adhesion  (Harper,  1977). 
Daniel  et  al ,  1980  have  described  a  series  of 

muci 1 age-contai ning  intracellular  vesicles  in  ft.  veneta 
which  appear  to  arise  from  the  cisternae  of  the  dictyosome. 
These  may  be  the  same  organelles  described  earlier  by  Drum 
and  Hopkins  (1966)  as  crystalloid  bodies  and  postulated  by 
them  to  be  the  source  of  diatom  trail  substance,  and  thus 
implicated  in  both  adhesion  and  motility.  We  have  electron 
micrographic  evidence  that  indeed  these  vesicles  are 
secreted  into  the  raphe  canal  (Webster,  et  al . ,  1982),  and 

thus  may  be  the  source  of  the  cellular  adhesive.  Since 
tunicamycin  (1  ug  ml~^),  which  is  an  inhibitor  of  the 
formation  of  the  linkage  between  carbohydrate  and  protein  in 
fibronectin,  inhibits  diatom  adhesion,  it  might  be 
specul at i vl ey  implied  that  the  vesicles  contain  glycoprotein 
(Cooksey  and  Cooksey,  unpublished). 

Several  workers  have  made  attempts  at  analysis  of 
attachment  polymers  of  diatoms.  By  means  of  hi stochemi cal 
tests,  Chamberlain  (1976)  showed  that  the  polar  mucilage 
pads,  investing  mucilages,  the  polymers  of  the  tube  dwelling 
diatoms,  and  mucilagenous  stalks  were  acidic 
polysaccharides.  As  has  been  mentioned  previously  (see 
),  analytical  results  based  on  staining  reactions  of 
unpurified  materials  must  be  regarded  as  properties  of  a 
mixture.  Some  hydrolyses  have  been  performed,  but  in  no 
case  has  an  attempt  been  made  to  show  that  the  polymeric 
material  was  a  single  molecular  species.  Thus,  the  capsule 
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of  HiH' 1 '- <!  i  a  pal  1  icul  osa  contains  glucuronic  acid  (Lewin, 

1 955  >  that  D-f  the  oval  cells  o+  Phaeodactyl  am  tricornutam 
contains  -ylose,  mannose,  fructose,  and  galactose  (Lewin, 
et  a]  ,  1958),  the  mucilage  tubes  of  fijnphi  pi  ara  ratilans 
cf.jnt-sjn  xylose,  mannose,  possibley  rhamnose  and  some 
proteins  (R.  Lewin,  1958),  and  the  stalks  of  Gomphovems 
ol ivaceum  are  composed  of  a  B-linked  sulfated  polymer 
containing  galactose  and  xylose  (Huntsman  and  Slonecker, 
1971).  All  the  polymers  analysed  so  far  are  different  from 
ttie  diatom  storage  polymer  chr  ysol  ami  nar  i  n ,  a  B  1--3  linked 
qlucan.  Even  less  is  1 nown  concerning  the  trail  substance 
referred  to  earlier,  probably  because  it  appears  to  differ 
in  physical  properties  from  the  enveloping  polymers 
‘capsules,  etc.)  described  above.  Trail  substance  is  slowly 
water-soluble  (unpublished  results  quoted  in  Edgar  and 
F'l  ckett -Heaps,  1982;  Webster  et  al ,  1982).  In  a  detailed 

h i stochemi cal  study  where  temporary  and  permanent  adhesive 
polymers  of  A.  f'er>eta  were  not  distinguished.  Daniel  et 
al  ,  (1980)  showed  that  the  e;:tr acel  1  ul ar  polymer  contains 

uronic  acids  and  sulfate  groups  but  no  protein  or  lipid. 
CATIONS.  Rou:-:  (1394)  reported  the  necessity  for  divalent 
cations,  notably  Ca“‘*',  in  cellular  adhesion.  Calcium  has 
been  shown  to  be  necessary  for  adhesion  of  aquatic  bacteria 
(Mar-shall,  et  al  ,  1971;  Fletcher  and  Floodgate,  1973)  and 

marine  diatoms  (Cooksey,  1981),  although  in  this  report  it 
was  found  that  strontium  could  substitute  poorly  for 

The  role  of  these  cations  in  adhesion  is  presently 
unknown.  It  has  been  suggested  that  divalent  ions, 
especially  can  form  bridges  between  negatively 

charged  substrata  and  microorganisms,  can  ■•tabilize  the 
structure  of  EF'S  (Fletcher  and  Floodgate,  J973),  or  cause 
precipitation  of  EPS  in  the  space  between  a  cell  and 
substratum  (Rutter,  1980).  Fletcher  and  Floodgate  (1973) 
noted  that  lanthanum  decreased  bacterial  adhesion  and 
postulated  an  EPS- denatur i nq  action  for  the  ion.  Lanthanum 
is  known  to  inhibit  Ca^"*'— tr ansport  into  cells  and  to 
displace  calcium  from  cellular  membranes  (Weiss,  1974),  so 
that  the  effect  noted  above  may  have  been  related  to  a 
diminution  of  the  flux  of  Ca^'^  to  the  intracellular 
space.  Lanthanum  inhibits  diatom  adhesion,  a  process  which 
is  Ca~dependent .  Further  evidence  for  the  involvement  of 
Ca^"*  in  the  adhesive  process  comes  from  the  use  of 
completing  agents.  Attachment  of  a  marine  bacterium  was 
inhibited  by  EDTA,  but  the  same  agent  did  not  remove  cells 
already  attached  to  substrata  (Fletcher,  1980).  Cooksey  and 
Cool:sey  (1980)  were  able  to  remove  the  marine  diatom  A. 
coffeaeformis  from  glass  with  a  more  specific 
Ca^'^-chel  ant ,  EGTA.  Attached  diatom  cells  treated  with 
this  substance  left  behind  substratum-attached  material  in 
the  exact  shape  of  the  raphe  canals.  The  material,  which 
stained  with  acridine  orange,  was  certainly  involved  in  the 
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atti^chment  o-f  the  organism.  Similar  more  detailed 
experiments  by  Culp  and  his  co-workers  illustrate  the 
dangers  o-f  adopting  simplistic  e;-;pl  anat  i  ons  of  adhesion 
(Culp  and  Black,  1972;  Terry  and  Culp,  1974;  Rosen  and  Culp, 
1977).  These  workers  found  that  EGTA  removed  tissue  culture 
cells  from  culture  vessels  but  left  behind 

’substrate-attached  material’  (SA  material).  Based  on  this, 
it  was  thought  that  mammalian  tissue  cells  attached  to  this 
substratum  by  ionic  br-idges.  Recent  papers  by  the  same 
group  (Culp  et  al ,  1979)  have  shown  that  the  situation 

regarding  attachment,  detachment,  and  the  formation  of  SA 
material  is  considerably  more  complex.  SA  material 
certainly  e^!ists,  but  not  only  does  it  contain  glycoprotein, 
but  also  certain  elements  of  the  cytoskeleton  such  as  actin, 
SEM  studies  suggest  EGTA  causes  minimal  changes  in  the 
adhesive  ’footpads’  which  gave  rise  to  the  BA  material. 

This  caused  the  cells  to  ’round-up’  and,  in  doing  so,  fibers 
of  cellular  material  between  the  cells  and  the  substratum 
were  formed.  The  cytoskeleton  within  these  fibers 
reorganized,  the  fibers  broke,  and  the  cells  were  liberated, 
leaving  behind  the  footpads  as  SA  material.  There  are  no 
studies  at  this  level  of  detail  with  microbiological 
biofilms. 

REACTIONS  WITHIN  THE  BIOFILM 

FUNDAMENTAL  AND  OBSERVED  RATE  PROCESSES.  Biofilm  and 
biofouling  studies  thus  far  have  relied  on  a  relatively 
unstructured  approach  to  analysis  of  the  biomass  component. 
The  biotic  component  is  generally  characterized  only  in 
terms  of  cell  numbers  or  cell  mass  with  little  attention 
given  to  the  physiological  state  of  the  organisms  although 
there  have  been  some  limited  attempts  at  providing  more 
structure  (Trulear,  1983;  Bakke,  1983).  Within  the 
restrictions  of  unstructured  microbial  process  models,  four 
fundamental  rate  processes  can  be  identified: 

growth 

product  formation 

maintenance  and/or  endogenous  decay 

death  and/or  lysis 

Any  or  all  of  these  processes  may  be  occurring  in  a 
biofilm  at  any  time.  Growth  refers  to  cell  growth  and 
multiplication.  The  cells  also  form  products  some  of  which 
are  retained  in  the  biofilm  <e.g.,  EPS)  and  some  of  which 
diffuse  out  into  the  bulk  fluid.  The  cells  also  have  to 
maintain  their  internal  structure,  another  energy-consuming 
process.  If  nutrients  are  depleted  or  toxic  substances  are 
present,  death  and/or  lysis  ensues. 

The  rates  of  the  fundamental  microbial  processes  are 
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di-f-ficult  to  measure  directly  and  are  generally  in-f erred 
•from  more  easily  obser^'ed  rate  processes.  The  more 
■familiar  observed  rate  processes  include  the  following: 

substrate  consumption 
electron  acceptor  consumption 
biomass  production 
product  formation 

Table  Iir-1  presents  the  relationship  between 
fundamental  and  observed  process  rates.  The  stoichiometry 
of  the  process  is  qualitatively  represented  by  each  row  in 
the  matrix  (-  refers  to  reactants  and  +  refers  to  products). 
The  columns  of  the  matrix  indicate  the  fundamental  rate 
processes  that  may  contribute  to  the  observed  rates  (last 
row  in  the  matrix).  For  example,  substrate  removal  (column 
1)  is  the  net  result  of  growth,  maintenance,  and  product 
format i on . 

Trulear  and  Characklis  (1982),  Bryers  and  Characklis 
(1.982),  and  Trulear  (1983)  have  used  process  analysis 
techniques  in  experimental  biofilm  reactors  to  quantify  the 
fundamental  rate  processes  within  a  biofilm.  Their  results 
suggest  the  following: 

:l.  „  The  growth  rate  of  cells  in  the  biofilm  can  be 

estimated  from  their  growth  rate  in  chemostats  when 
substrate  concentration  in  the  microenvi ronment  of  the 
cell  is  equal. 

2.  Product  formation  by  biofilm  cells  is  generally  the 
same  as  dispersed  cells  and  depends  on  substrate 
loading  rates  as  well  as  substrate  concentration. 

3.  Maintenance  requirements  are  essentially  negligible 
until  the  biofilm  becomes  very  thick.  Even  then,  the 
results  of  anaerobic  metabolism  deep  within  the  biofilm 
may  be  mistaken  for  maintenance  energy  requirements. 

Process  analysis  techniques  may  be  useful  in 
determining  whether  attached  cells  are  more  active  than 
dispersed  cells.  Substrate  removal  rate  alone  is  not  a 
sufficient  criterion  for  comparing  their  activity  since 
substrate  removal  is  the  net  result  of  several  fundamental 
processes.  Removing  the  cells  from  the  surface  obviates  any 
relevance  in  subsequent  measurements  which  purportedly 
describe  the  activity  of  attached  cells. 

MASS  TRANSFER  AND  DIFFUSION.  Analysis  of  biofilm  process 
rate  and  stoichiometry  are  frequently  complicated  by 
significant  mass  transfer  resistances  in  the  liquid  or 
diffusional  resistances  within  the  biofilm.  Trulear  and 
Characklis,  (1982)  have  observed  that  substrate  removal  rate 
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incrcjases  in  proportion  to  bio-film  thickness  up  to  a 
critical  thickness  beyond  which  removal  rate  remained 
constant.  The  critical  or  "active"  thickness  was  observed 
to  increase  with  increasing  substrate  concentrati on .  This 
behavior  has  been  observed  by  others  (Mueller, et  <si  ,  1966; 

Etaillod  and  Boyle,  1970;  Willamson  and  McCarty,  1976;  Matson 
and  Characklis,  1976)  and  attributed  to  diffusional 
resistance  within  the  bioiflm.  Once  the  biofilm  thickness 
exceeds  the  depth  of  substrate  penetration  into  the  biofilm, 
the  removal  rate  is  unaffected  by  further  biofilm 
accuiTiul  at  i  on . 

The  biofilm  rate  processes  may  also  be  controlled  by 
mass  transfer  limitations  in  the  bulk  fluid  phase  (Trulear 
arid  Characklis,  1982).  For  example,  substrate  removal  rate 
is  dependent  on  fluid  velocity  past  the  biofilm.  At  low 
fluid  velocities,  a  relatively  thick  mass  transfer  boundary 
layer  can  cause  a  fluid  phase  mass  transfer  resistance  which 
decreases  substrate  concentration  at  the  f 1 ui d-b i of i 1 m 
interface  and,  thereby,  decreases  substrate  removal  rate. 

Two  factors  may  result  i  rr  low  mass  transfer  rates  from  the 
bulk  fluid  to  the  biofilm: 

low  fluid  velocities 

dilute  liquid  phase  concentr ati ons  of  the 
material  being  transported 

Much  fouling  biofilm  research  has  been  conducted  at 
relatively  low  flows  or  in  quiescent  conditions.  Mass 
transfer  may  be  the  rate-control  1 i ng  step  in  the  overall 
process  in  these  studies  and,  without  further  analysis,  may 
be  confused  with  the  rates  of  more  fundamental  processes 
such  as  growth  rates,  adsorption  rates,  etc.  In  highly 
turbulent  systems,  mass  transfer  in  the  liquid  phase  is 
rarely  a  significant  factor. 

SUMMARY  OF  BIOFILM  REACTIONS.  The  microbial  processes 
occurring  in  a  biofilm  are  more  complex  than  suggested  by 
the  four  fundamental  processes  defined  above.  However,  this 
c 1 assi f i cat i on  has  been  useful  in  determining,  to  some 
extent,  the  flow  of  substrate  energy  through  the  bioflm. 
Mathematical  description  of  the  kinetic  expressions  has  also 
been  accomplished  (Trulear,  1983).  Further  structuring  of 
biofilm  processes  may  await  more  sophisticated  methods  for 
observing  the  processes  within  the  biofilm  (as  opposed  to 
the  influence  of  tfie  processes  on  the  overlying  liquid 
phase)  and  more  specific  identification  ot  the  products 
being  formed. 

Bakke  (1983)  has  observed  a  remarkable  biofilm 
phenomenon  which  demands  more  attention.  He  increased  the 
supply  of  growth  substrate  step-wise  to  a  biofilm  and 
observed  the  following: 
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a, .  immediate  detachment  ot  biofilm  material 

b,  biofilm  cell  numbers  remained  constant 

c,  specific  substrate  removal  rate  and  product  formation 
rate  increased  instantaneously 

These  observations  cannot  be  described  with 
unstructured  models  but  suggest  that  the  biofilm  organisms 
may  slough  their  EPS  in  response  to  the  "shock".  In 
addition,  the  attached  cells  seem  to  possess  a  "reaction 
potential”  which  is  expressed  in  response  to  instantaneous 
increase  in  substrate  loading.  The  experiments  clearly 
indicate  the  need  to  observe  microbial  physiology  while  the 
organisms  are  attached  in  their  growth  environment  <ir> 
Situ).  More  attention  must  be  directed  to  transients 
because  of  their  relevance  to  natural  and  technological 
phenomena. 

DETACHMENT  OF  BIOFILM 


Detachment  of  microbial  cells  and  related  biofilm 
material  occurs  from  the  moment  of  initial  attachment  . 
Howevc^r,  the  macroscopic  observation  of  biofilm  detachment 
IS  easier  as  the  biofilm  becomes  thicker. 

Detachment  phenomena  can  be  arbitrarily  categorised  as 
shearing  or  sloughing.  Shearing  refers  to  continuous 
removal  of  small  portions  of  the  biofilm  which  is  highly 
dependent  on  fluid  dynamic  conditions.  Under  these 
circumstances,  rate  of  detachment  increases  with  increasing 
biofilm  thickness  and  fluid  shear  stress  at  the 
biofilm-fluid  interface  <Trulear  and  Characklis,  1982). 
Sloughing  refers  to  a  random,  massive  removal  of  biofilm 
generally  attributed  to  nutrient  or  oxygen  depletion  deep 
within  the  biofilm  (Howell  and  Atkinson,  1976)  or  some 
dramatic  change  in  the  immediate  environment  of  the  biofilm 
(see  previous  section).  Sloughing  is  more  frequently 
witnessed  with  thicker  biofilms  developed  in  nutr i ent-r i ch 
environments.  Shearing  is  probably  r  curring  under  the  same 
conditions  under  which  sloughing  is  D..vCirring  but  no  such 
direct  measurements  have  been  attempted. 

HYDRODYNAMIC  INFLUENCES.  Both  Powell  and  Slater  (1982)  and 
Timperley  (1981)  conducted  studies  to  determine  the 
influence  of  fluid  dynamics  on  detachment.  Both 
investigators  observed  an  increase  in  detachment  with  an 
increase  in  Reynolds  number,  i.e.,  fluid  velocity. 

Timperley  also  considered  different  tube  sizes  and,  within 
that  context,  concluded  that  mean  fluid  velocity  was  more 
significant  in  determining  cleaning  effectiveness  than 
Reynolds  number. 
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As  -fluid  velocity  increases,  the  viscous  sublayer 
thickness  decreases.  Consequently,  the  region  near  the  tube 
wall  subject  to  relatively  low  shear  forces  (i.e.,  the 
viscous  sublayer)  is  reduced.  As  a  result,  there  may  be 
some  upper  limit  to  the  effectiveness  of  any  cleaning 
operation  basied  on  fluid  shear  stress.  The  viscous  sublayer 
may  provide  a  valuable  e  przori  criterion  for  predicting 
the  ma:;imum  effectiveness  (the  minimum  thickness  attainable) 
cu  aiiy  cleaning  technique  dependent  on  fluid  dynamic  forces. 

Detachn)ent  processes  must  also  be  significant  in  the 
processes  of  cell  turnover  in  the  biofilm.  As  a  biofilm 
deve’ ops,  succession  in  species  is  observed.  Trulear  (1983) 
•Jeveloped  a  biofilm  of  Pseudomonas:  aeruginosa  in 
;onditions  of  relativley  high  shear  stress  and  then 
chcillenged  it  with  SphaerotiJ  us  natans.  The  Sphaerotilus 
quickly  became  the  dominant  species  within  the  biofilm. 
Detachment,  influenced  strongly  by  fluid  shear  stress,  may 
-ic^ve  to  "wash  out"  orcianisms  from  the  taioilm. 

LHEMICAL  TREATMENT.  Detachment  may  occur  for  reasons  other 
than  hydrodynamic  forces.  Bakke  (1983)  has  observed  massive 
detachment  when  substrate  loading  to  the  biofilm  was 
1 nstantaneousl y  doubled.  He  hypothesizes  that  cell 
membrane  potential  plays  a  key  role  in  the  phenomena. 
Turakhia,  (unpublished  results)  and  (Characklis,  1980)  have 
obser-ved  dramatically  increased  detachment  upon  the  addition 
of  chelants  (EGTA  and  EDTA,  respectively)  suggesting  the 
importance  of  calcium  to  the  cohesiveness  of  the  biofilm.. 
Many  other  chemical  treatments  have  been  used  to  detach 
biofilm  material  with  varying  success  including: 

chlorine  (Characklis  et  al  ,  198(I)j  Characklis  and 

Dydek,  19765  Norrman  et  al ,  1977) 

bromine  chloride  (Bongers  et  al ,  1977) 

bromo-chloro-dimethyhydantoin  (Matson  and  Characklis, 
1983) 

surf actants 

SUMMARY  OF  DETACHMENT  PROCESSES.  Detachment  processes  must 
play  a  major  role  in  the  ecology  of  the  biofilm.  Detachment 
from  and  absorption  into  the  biofilm  of  microorganisms 
provides  the  means  for  interaction  between  dispersed 
(planktonic)  organisms  and  the  biofilm.  Detachment  of 
biofilm  is  the  major  objective  of  many  anti -fouling 
additives  used  in  manufacturing  processes. 

Very  little  is  known  regarding  the  kinetics  of 
detachment  and  the  factors  affecting  the  removal.  Such 
kinetic  expressions  would  he  useful  for  modelling  purposes 
and  for  serving  as  comparative  criteria  in  testing  of 
anti  foul inq  treatments. 
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I V .  PROPERI I E S _ AND .. C0MP03 IT  I QN _QF  _B  I  OF  I LMS 

Mi  croorgani  sms,  primarily  bacteria,  adhere  to  sur-faces 
ranging  -from  the  human  tooth  and  intestine  to  the  metal 
sur-face  of  condenser  tubes  exposed  to  turbulent  -flow  of 
water.  The  microorganisms  "stick"  by  means  of  extracellular 
polymeric  fibers,  fabricated  and  oriented  by  the  cell,  that 
extend  from  the  cell  surface  to  form  a  tangled  matrix  of 
extracellular  polymer  substances  (EPS).  The  fibers  may 
conserve  and  concentrate  extracellular  enzymes  necessary  for 
preparing  substrate  molecules  for  ingestion,  especially  high 
molecular  weight  or  particulate  substrate  frequently  found 
in  natural  waters. 

The  biofilm  surface  is  highly  adsorptive,  partially  due 
to  its  pol yel ectrol yte  nature,  and  can  collect  significant 
quantities  of  silt,  clay  and  other  detritus  in  natural 
waters . 

Physical,  chemical,  and  biological  properties  of 
biofilms  are  dependent  on  the  environment  to  which  the 
attachment  surface  is  exposed.  The  physical  and  chemical 
components  of  the  microenvironment  combine  to  select  the 
prevalent  mi croorgani sms  which,  in  turn,  modify  the 
mi croenvi ronment  of  the  surface.  As  colonization  proceeds 
and  a  biofilm  develops,  gradients  develop  within  the  biofilm 
and  average  biofilm  properties  change.  Changes  in  biofilm 
properties  that  occur  during  biofilm  development  must  be 
considered  when  attempting  to  predict  the  influence  of 
biofilms  on  the  immediate  environment.  These  changes  have 
been  largely  ignored  in  past  studies. 

PHYSICAL  PROPERTIES 


Relevant  thermodynamic  properties  of  biofilm  are  its 
volume  (thickness)  and  mass.  In  turbulent  flow  systems,  wet 
biofilm  thickness  seldom  exceeds  lOOO  urn  (Picologlou  et 
al . ,  1980).  The  biofilm  dry  mass  density  can  be  determined 

from  the  wet  biofilm  thickness  if  the  biofilm  mass  and  the 
wetted  surface  area  are  known.  The  dry  mass  density 
reflects  the  attached  dry  mass  per  unit  wet  biofilm  volume 
and  measured  values  in  turbulent  flow  systems  range  from  10 
-  50  mg/cm~^.  Biofilm  density  increases  with  increasing 
turbulence  and  increasing  substrate  loading  (Picologlou  et 
al .  1980;  Trulear  and  Characklis,  1982).  The  increase  in 

biofilm  density  with  increasing  turbulence  may  be  caused  by 
one  of  the  following  phenomena: 

1.  selective  attachment  of  only  certain  microbial 
species  from  the  available  population 


microbial  metabolic  response  to  environmental 
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stress 

3.  fluid  pressure  forces  "squeeze"  loosely  bound 

water  from  the  biofilm. 

The  relatively  low  biofilm  mass  densities  compare  well 
with  observed  water  content  of  biofilm  (Characklis,  1980; 
Characklis,  1973). 

The  transport  properties  of  biofilm  are  of  critical 
importance  in  quantifying  effects  of  biofilms  on  mass,  heat 
and  momentum  transfer.  Diffusion  coefficients  for  various 
compounds  through  microbial  aggregates  have  been  reported  in 
the  literature  (Matson  and  Characklis,  1976),  mostly  for 
floe  particles.  Matson  and  Characklis  (1976)  report 
variation  in  the  diffusion  coefficient  for  glucose  and 
o'.ryqen  with  growth  rate  and  carbon-to-ni  tr  ogen  ratio.  In 
biofilms,  the  diffusion  coefficient  is  most  probably  related 
to  biofilm  density.  In  situ  rheological  measurements 
indicate  that  the  biofilm  is  viscoelastic  with  a  relatively 
liiqh  viscous  modulus  (Characklis,  1980).  Reported  biofilm 
thermal  conductivities  are  not  significantly  different  from 
water  ((Characklis  et  al  .  ,  1981). 

CHEMICAL  PROPEIRTIES 

ELEMENTAL  COMPOSITION.  Inorganic  composition  of  biofilms 
undoubtedly  varies  with  the  chemical  composition  of  the  bulk 
water  and  probably  affects  the  physical  and  biological 
structure  of  the  film.  Calcium,  magnesium,  and  iron 
probably  affect  i ntermol ecul ar  bonding  of  biofilm  polymers 
which  are  primarily  responsible  for  the  structural  integrity 
of  the  deposit.  In  fact,  chelants  are  effective,  in 
detaching  biofilm  (Characklis,  1980;  Turakhia,  unpublished 
results).  In  heat  exchangers,  corrosion  products  and  inert 
suspended  solids  can  adsorb  to  the  biofilm  matrix  and 
influence  its  chemical  composition.  Characklis  (1981) 
reports  a  range  of  inorganic  compositions  observed  in 
selected  biofilms. 

MACROMDLECIJI.AR  COMPOSITION.  The  organic  composition  of  the 
biofilm  is  strongly  related  to  the  energy  and  carbon  sources 
available  for  metabolism.  Classical  papers  (Herbert,  1961; 
Schaecter  et  al . ,  1958)  have  demonstrated  the  effect  of 

environment  and  microbial  growth  rate  on  the  composition  of 
the  cells  and  their  extracellular  products.  For  example, 
nitrogen  limitation  can  result  in  production  of  copious 
quantities  of  microbial  extracellular  polysaccharides. 
Characklis  (1901)  presents  data  on  the  composition  of 
biufilms  developed  in  the  field  and  in  the  laboratory.  In 
terms  of  macr omol ecu 1 ar  composition,  Bryers  (1979)  has 
measured  protein-to-pol ysacchar ide  mass  ratios  ranging  from 


35 


0  to  1(5  (pol  ysaccharide  concentrati  on  in  terms  o-f  glucose 
and  protein  concentrati on  based  on  casein?  with  increasing 
bio-film  accumul  ati  on.  Other  chemical  analyses  o-f  bio-film 
have  been  reported  by  Bryers  and  Characklis  (1979). 

CELLULAR  DENSITIES 


The  organisms  which  colonize  the  attachment  surface 
will  strongly  influence  biofilm  development  rate  and  biofilm 
chemical  and  physical  properties.  However, 
orqani sm-organi sm  and  organ i sm—envi ronment  interactions 
undoubtedly  shift  population  distributions  during  biofilm 
accumulation.  Several  investigators  have  observed 
succession  during  biofouling.  The  first  visible  signs  of 
microbial  activity  on  a  surface  are  usually  small  "colonies" 
of  cells  distributed  randomly  on  the  surface.  As  biofilm 
development  continues,  the  colonies  sometimes  grow  together 
forming  a  relatively  uniform  biofilm.  The  viable  cell 
numbers  are  relatively  low  in  relation  to  the  biofilm  volume 
(10'*  -  1(5**  cm"’  biofilm)  occupying  only  from  1-10 
percent  of  the  biofilm  in  dilute  nutrient  solutions 
(Characflis,  1980;  Trulear,  1983).  Jones  et  al  (1969) 
present  photomi crographs  which  corroborate  these  data. 

Areal  densities  have  been  observed  as  high  as  1(5*’  cells 
m~=  (Zelver,  et  al ,  1982).  Many  surfaces,  presumably 

clean  but  untreated  in  any  rigorous  way,  contain  as  many  as 
lO'*  cells  m"**  (Zelver,  unpublished  results). 

Sometimes  it  is  not  obvious  that  the  precautions  described 
by  DiSalvo  (1973)  have  been  taken  when  withdrawing  substrata 
from  the  aqueous  phase  through  the  air-water  interface. 

This  interface,  which  '•  rich  in  bacteria,  will  contaminate 
surfaces  drawn  through  it  and  lead  to  over -est i mat i one  of 
the  numbers  of  bacteria  atached  on  experimental  substrata. 

In  many  cases,  filamentous  forms  emerge  as  the  biofilm 
develops  further,  H  </ phomz  c  roh?  urn .  Sphaerot  i  1  as  (Trulear 
and  CharacHis,  1982)  Caalobacter  (Corpe,  197(5) 

Saprospi ra (Lewi n ,  1965)  and  Beggzatoa  ( Heukel ek i an , 

1956)  are  frequently  identified.  The  filamentous  forms  may 
gain  an  ecological  advantage  as  the  biofilm  develops  since 
their  cells  can  extend  into  the  flow  to  obtain  needed 
nutrients  or  oxygen  which  may  be  depleted  in  the  deeper 
portions.  Obtaining  representative  cell  numbers  from 
filamentous  biofilms  is  very  difficult. 
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V .  FAQIORS . 1 NF  LUENC ING  ^FUNDAMENXAL  _RATE  _PRQQESSES 

Physical,  chemical,  and  biological  -factors  in-fluence 
the  -f undam€?ntal  rate  processes.  These  -factors  influence  the 
rate  as  well  as  the  extent  to  which  fouling  deposits 
accumul ate. 

PHYSICAL  FACTORS 


The  most  important  physical  factors  affecting  the 
fundamental  processes  are  shear  stress,  temperature  (bulk 
fluid  and  surface),  and  surface  (micro)  roughness.  All 
three  factors  influence  transport,  interfacial  phenomena, 
detachment  and  reactions  at _the_i.Qter f ace.  Only  temperature 
w]  1  I  influence  reactions  WLthi.n_the_deposi  t .  Other  factors 
influence  fouling  processes  at  the  macroscopic  system  level 
including  geometry  or  configuration  of  the  heat  exchanger, 
residence  time,  and  physical  treatment  methods  (e.g., 
Amertap,  MAN  brushes) - 

CHEMICAL  FACTORS 


The  chemical  factors  influencing  the  fundamental  rate 
processes  are  too  mumerous  to  list.  However,  some  of  the 
more  important  are  pH,  Ca"^"^,  Fe"^"^"^,  Si,  dissolved 
oxygen,  and  organic  carbon.  These  factors  do  not  affect 
transport  rates  but  may  affect  interfacial  phenomena  and 
certainly  influence  reaction  rate  and  extent  in  the  deposit 
and  at  the  metal  surface.  Another  chemical  factor 
influencing  fouling  processes  is  the  metal  alloy.  There 
have  been  numerous  tests  which  have  evaluated  the  fouling 
and/or  corrosion  potential  of  various  alloys.  The  influence 
of  surface  (micro)  roughness  versus  surface  chemical 
composition,  however,  is  not  always  clear.  Internal 
chemical  treatment  programs  to  minimize  fouling  provide  a 
multitude  of  other  chemical  compounds  which  influence 
fouling  processes.  Chemical  treatment  programs  depend  on 
the  type  of  deposit  and,  in  some  cases,  treatment  for  one 
condition  may  be  antagonistic  to  control  of  another.  For 
example,  phosphorous  compounds  added  to  minimize 
precipitation  fouling  may  enhance  biological  foulng.  Many 
chemical  compounds  exert  a  significant  influence  on  fouling 
processes  at  relatively  low  concentr at i ons  which  further 
complicates  analvsis. 

BIOLOGICAI  TACTQR5 


Riological  factors  have  their  greatest  influence  on 
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biochemical  reactions  within  the  deposit  where  bacterial 
cell  numbers,  physiological  state  o-f  the  cells,  and 
microbial  community  structure  determines  the  in-fluence  o-f 
the  deposit  on  equipment  per-formance  (Charackl  i  s,  1981). 
However,  biological  -factors  may  also  influence  inter-facial 
adsorption/adhesion  as  well  as  detachment.  For  example, 
microbial  deposits  contain  signi-ficant  quantities  o-f 
extracellular  polymer  substances  (EPS)  which  increase  the 
adsorptive  capacity  of  the  wetted  surface  and  trap 
particulates  (Trulear,  1903).  Microbial  activity  within  the 
deposit  may  also  increase  the  cohesiveness  of  the  deposit 
(Zelver  et  al . ,  1982)  forming  an  organic  matrix  which 

provides  resistance  to  fluid  shear  forces.  Biological 
factors  probably  influence  the  effectiveness  of  chemical 
treatment  programs  in  minimizing  other  types  of  fouling 
(e.g.,  precipitation  and  corrosion  fouling)  although  the 
author  has  found  no  literature  documentation  for  this 
statement . 
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VI .  MEASyREMENT .ANP_SIMyL 


NEED  AND  PURPOSE 


The  experidtental  investigation  o-f  fouling  is  a 
necessary  and  important  route  to  obtaining  an  understanding 
of  the  fundamental  processes.  If  reliable  fouling  data 
could  be  obtained  on  full-scale  heat  eKCharige  equipment 
using  the  actual  fluids,  other  measurements  and  simulation 
would  be  unnecessary.  However,  many  of  the  parameters  of 
interest  vary  considerably  throughout  the  equipment  and,  in 
addition,  vary  with  time.  As  a  result,  measureiiients  in  the 
laboratory  and  in  field  locations  are  necessar y  at  specified 
and  constant  values  for  critical  parameters. 

LABORATORY  MEASURENENTO.  Tlie  laboratory  provides  the  proper- 
environment  for  conducting  mechanistic  studies  whicti  lead  to 
useful  models  in  terms  of  simulating  real  systems.  fhese 
tests  are  a  "starting  point."  Physical,  chemo cal ,  and 
biological  factors  can  be  controlled  at  desired  levels. 
Valuable  information  can  be  obtained  related  to  design 
concepts  such  as  influence  of  alloy  (Characklis  et  al  .  , 

1933),  fluid  velocity,  tube  geometry  (e.g.  enhanced  tieat 
transfer  surfaces),  and  temperature  profiles  (Characklis, 
1979).  The  effect  of  water  quality  (chemical  and 
biological)  on  these  factors  can  also  be  evaluated. 

Operation  and  maintenance  procedures  can  be  evaluated.  For 
example,  laboratory  tests  can  evaluate  the  effectiveness  of 
a  tr-eatment  (chemical  or  physical)  procedure  applied  at 
varying  frequency  (Norrman  et  al  .  ,  1977;  Zelver  et  a.?., 

1981).  These  tests  frequently  identify  the  operating 
conditions  which  are  best  for  a  given  treatment  procedure. 
Laboratory  experimentation  frequently  results  in  development 
of  measurement  techniques  useful  for  field  tests  and 
monitoring  (Characklis  et  al ,  1961). 

Aside  from  mechanistic  data  and  testing,  laboratory 
tests  are  generally  less  expensive  than  field  tests  based  on 
value  of  the  information  obtained. 

FIELD  MEASUREMENTS.  Measurements  at  the  operating  pi  \nt  are 
essential  because  no  system  can  be  simulated  perfectly.  But 
the  purpose  of  field  measur'ements  is  generally  monitoring 
equipment  performance  and/or  warning  of  impending  problems. 
Field  measurements  which  simulate  the  equipment  environment 
could  be  used  to  evaluate  the  effectiveness  of  internal 
chemical  treatment  programs  but  this  activity,  for  reasons 
unknown,  has  been  rare.  Field  tests  have  been  used  to 
evaluate  the  influence  of  physical  factors  and  a  limited 
number  of  chemical  factors  on  fouling  and  corrosion.  For 
example,  the  performance  of  different  alloys  is  presently 
being  tested  at  a  power  plant  site  using  an  instrument  which 
simulates  the  heat  exchange  equipment  (Zelver  et  al , 

1902).  Field  tests  are  also  useful  in  evaluating  the 
performance  of  contemplated  changes  in  treatment  programs 
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;:?ri(.i  -o!'  pr  (.)(;. (iiod .1  f  i  c a 1 1  ons  (Charackl  i  e,  e?t  al  , 

I; -cji '  arid  r.  (' ar  ac  k  1  ]  s ,  1982>.  0-f  all  factors  influencing 

-iC'UiiiiCj,  biologicai  variables  are  most  difficult  to  control 
in  +die  field  as  is  also  frequently  the  case  with  some 
chemical  cu'iiponents  generally  conti"  i  but  i  nq  to  water  quality. 

1.  aboratory  and  field  measurements  are  intimatel  y 
fclat.e'd  will! in  the  iterative  procedure  described  in  F'igure 
1  '  -  1  . 

Labor  ■' toiy  ofc.ser /at  i  ons  under  carefully  controlled 
ond .!  1 1  one  provide  the  freimework  for  evaluating  and 
1  n  I.  or  pr  et  i  nq  -field  results  where  control  of  all  parameters 
IS  not  possiL'le.  On  the  other  hand,  field  results  indicate 
1  ni„. nns  1  ster ic  1  es  in  the  niodels  and  provide  the  impetus  and 
‘  .perimental  hypotheses  for  further  laboratory  work. 

•'lEHSUF^EldEN  I'  Fd-.LA1ED  TO  FGIJLING 


Measurements  related  to  fouling  processes  include 
methods  for  monitoring  the  progress  of  the  fouling  process, 
ifietf'iods  tor  char  acter  1  z  i  ng  the  fouling  deposit,  and  inethods 
‘  c-r  desc.r  i  b  ]  nq  and/or  controlling  the  fouling  en  vi  r  ornnent . 
j p  case-'s,,  ifiethods  for  monitoring  progress  can  also  be 

used  to  chstr'afi  er  1  ze  the  deposit. 

MONITORING  THE  PF/QGRFrSSIDN  OF  FOULING.  Methods  available 
for  moi  .1  tor  i.  nq  Lr.e  progress  of  fouling  processes  can  be 
;;on  yc-n  I  ent  I  y  classified  as  follows  (Characklis  et  al  .  , 

I9M2i 

1.  direct  measurement  of  deposit  quantity 

2:.  1  ndi  i-ect.  measurement  ot  deposit 

quanitity 

a.  specific  const  i  tu£-?nt  within  the 
deposi t 

b.  for  biofilms,  microbial  activity 
w  1 1 hi  i  n  t he  deposit 

Direct  (Tieasur  ement  includes  deposit  mass  and  deposit 
tb.iciness  and  is  essential  for  several  reasons.  Calibration 
of  any  indirect  method  involves  comparison  with  actual 
quantity  of  accumulated  deposit.  Direct  measurements  are  a 
necessity  when  using  mass  conservation  equations  to 
ileteroiine  process  rates  and  stoichiometry.  Direct  methods 
ai  e  also  useful  in  relating  deposit,  accumulation  to  fluid 
Fri(  tional  resistance  and  hieat  transfer  resistance  in  a 
r  ai 1 onal  way . 

Indirect  methiods  provide?  significant  benefits  including 
inrrea=>ed  sensitivity.  For  example,  organic  carbon  analysis 
of  biofilm  1  .i  as  mu(::h  as  2o  times  as  sensitive  as  biofilm 
mass  measur  enients  (Characklis  et  ai  .  ,  1982).  In  this 

case,  the  spec.ifii:  constituent  of  the  deposit  (i.e.,  organic 
f arbon)  provides  an  excellent  measure  of  accumulation. 
However,  if  the  deposit  contains  a  large  amount  of  silt  and 
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Bediinent,  orgarac  carbon  may  not  be  r  epr  eseritat  i  'e. 

I  nd  1  r  ect  methcids  i  nc  ]  ude  mon  L  tor  i  ng  the  i  n  +  1  uence  o  f 
deposits  on  heat  traris-fer  and  fluid  f  r  i  ct  i  orKsl  resistanrie  as 
discussed  aibove.  Thtise  techniques  have  been  discusseij  in 
more  detail  by  others  (Characklis  et  iJ  19B1)  and 
indicate  that  the  in-fluence  o+  deposits  on  heat  and  rrioiTient!  im 
transfer  depends  strongly  on  deposit  char  acter  i  st  i  cs  le.g.,, 
composition,  thermal  conductivity,  I'oughness »  . 

CHARACTERISTICS  OF  FQUL ING  DEPOSITS.  Fouling  deposits  can 
exhibit  a  wide  r'ange  of  cheirncal  and  microbial  composi  t on . 
Not  surprisingly  then,  two  deposits  of  equal  thickness  can 
influence  heat  and  momentum  transfer  in  drasticaliv 
different  ways.  The  r'eason  for  this  behavior  is  widely 
varying  deposit  thermal  conductivity  and  roughness  as 
indicated  in  Table  VI-1.  Char  acter  i  2  at  i  on  uf  ds'posits  is  a 
nec.essary  preliminary  to  choosing  control  strategies  .. 

Presuming  an  in  situ  deposit  thictne^ss  measurement  is 
possible,  effective  deposit  thermal  conductivity  and 
roughness,  can  be  determined  through  measurements  of 
conductive  and  convective  heat  transfer  resi stance,  fluid 
frictional  resistance,  and  engineering  cor r el  at  1 ons.  This 
in  situ  diacjnostic  method  is  prescently  beincj  incorporated 
into  an  on-line  fouling  monitor.  Such  a  diagnostic  tool 
would  find  advantage  as  a  feedback  control  deviL:e  in  an 
operating  plant  or  on  shipboard.  As  more  data  act,  umul  eites, 
deposit  composition  could  be  estimated  from  thei-  nia], 
conductivity  and  roughness  determinations  in  much  the  same 
way  as  chemical  composition  is  deter-mined  from  "libraries" 
of  spectral  data  associated  with  gas  chromaf ogr aphy/mass 
spectrometry.  Field  data  of  this  type?  would  also  tiontr  1  bute 
to  empirical  relationships  useful  for  prs'dAlSTillQ  fouling 
processes  as  a  function  of  environment.  ...providing  that 
the  appropriate  envi  ronmental  factor's  are  l.nown  or’  measur 
A  library  file  of  deposit  prciperties  and  compc'S  1 1 1  ons  of 
this  type;  exists  and  is  being  expanded  ac  regular  1  n  Ler- v  al  s 

IMPORTANT  ENVIRONMENTAL  FACTORS.  There  are  many  factors 
which  influence  the  rate  and  extent  of  fouling  processes  bi.it 
the  primary  ones  certainly  include  bulk  water  quality 
(chemical  and  biological),  temperature  (bulk  water  and 
surface),  fluid  shear  stress  at  the  surface,  and  the  nature 
of  the  surface?  (alloy).  Superimposed  on  these  factors  is 
any  chemical  or  physical  treatment  program  regularly 
employed  to  minimize  the  effects  of  fouling. 

Fouling  is  a  fieterocjeneous;  process  in  that  it  requires 
both  a  liquid  and  solid  phase.  Consequently,  concentr at i ons 
and  compositions  at  the  liquid-solid  interface  determine  tf»e 
processes  which  control  deposition.  Unfortunately, 
interfacial  conditions  are  extremeily  difficult  to  measure 
except  under  controlled  laboratory  conditions  and 
interfacial  processes  must  be  related  to  the  bulk  water 
environment.  Under  these  limitations,  data  1  ntiirpretat  1  on 
must  proceed  with  caution  and  a  thorough  process  aiialysis 
must  be  accomplished  before  valid  cone  si  ons  can  be  drawri. 
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Type  Deposit 


Thermal  Conductivity 
(watt 


Biofilm 

Calcuim  Carbonate 
Combined  Biofilm/Scale 


0.63 

2.26-2.93 
1.6  1 


Type  Deposit  Deposit  Thickness  Relative  Roughness 

(cm)  (dimensionless) 


Blofllms 

0.0040 

0.003 

0.0185 

0.014 

0.0300 

0.082 

0.0500 

0.157 

CaCO  Scale 

9 

0.0185 

0.0224 

0.0282 

0.0001 

0.0002 

0.0006 

Combined  Blofilm/Scale 

0.01 18 

0.008 

0.0383 

0.04 

f  f-f-'pert i e*s  cjf  various  fouling 
( I  f  ?  C)  1 1  ,  C  a  I  c  1  u  m  carbon  a  t  e 
thorinal  coi  iduct  ?  1 1 1  es  from  Drew 

C h  t  li'i  t  a  1  Cor por  at  i  on  <  1 979 )  . 


igure  VI-2.  The  in-fluence  o+  wall  temperature 

and  nutrient  loading  rate  on  ma:  i  mun 
bio-fouling  deposit  thiciness  in  e 
1  abor  ator  y  system.  F  1  ui  d  v/el  oc  i  t  / 
was  1.1  m  5“‘ ,  tube  alloy  was 
stainless  steel.  Tube*  l.D.  was  1.27 
cm  and  bull,  temperature  was 
( Ch  ar  ar.T;  1  1  s,  1979), 
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As  an  illustration,  consider  biu-fouling  in  an  open 
r  ec  1  r  uul  at  1  nq  cooling  tower  '.RCTt  system.  It  was  believed 
tor  many  years  ttiat  biotoulinq  was;  related  tc;  the 
col ony- f or mi nq  units  (CFM>  measured  by  a  plate  count 
procedure.  Recently,  data  was  presented  < Char ac t 1 i e  at 
ai  .  ,  1981)  which  indicated  no  relationship  between  LFtt's  jn 

the  bulk  water  and  touling  as  me'asured  by  heat  transfer  or 
fluid  flow  rii£?asurements.  The  lack  ot  correlation  can  be 
attributed  to  the  number  ot  processes  ccintr  i  but  i  i  icj  or 
removing  organisms  trom  the  bulk  water  pnase.  Oruanisms 
enter  the  cooling  tower  bulk  water  through  tlie  make-up 
water,  by  cjrowtli  and  r  eproduct  i  tin  witkiin  the  bulk,  wateir, 
trom  thie  air,  and  by  detachment  from  biotouled  surtaces. 
Organisms  leave  the  RCT  system  bulk  wacer  in  the  blowdc-jn 
and  drift,  by  aclEiorption  to  surfaces  within  the  Ft  Cl  systeis'. 
and  by  "death,"  at  least  partially  due  to  biocide 
apf)  1  1  c  at  1  on  .  Obviously,  the  number  of  CFO  in  thie  cooling 
water  is  not  strictly  related  to  the?  extent  of  biofouling  in 
the  FtCT  system. 

Fley  cheiTiical  constituents  which  influence  fouling 
process, es  include  Ca*'"',  Mg'""",  Fe*--,  F-e*"*",  Si, 

0-3,  P0^;3 ,  00=  (and  r  elated  forms), 

50  -aa ,  Cl~,  and  organic  carbon. 

Bulk  temperature  influences,  most  cheinical  and 
bi, ochemical  reaction  processes  as  well  as  tr-ansport  rate 
processes.  fuDuling  processes  are  no  eKception  as  indicated 
in  Figure  VI-1  which  indicates  the  proqression  of  fluid 
frictional  resistance  as  a  function  of  bulk  watei' 
temperature  in  a  biofouling  environment  (Stathopoul os , 1 981 ) , 
The  most  deleterious  effects  are  observed  at  4<>"t 
(104*=  F).  Surface  temperature  also  influences  foulirig 
processes  as  indicated  in  Figure  VI-2  which  indicate??,  the? 
maximum  biofouling  deposit  thickness  attained  as  a  function 
of  surface  temperature  and  nutrient  loading  rate 
(Characklis,  1980).  One  important  observation  from  the?se 
data  is  the  significant  in.t:S?r#ct  i  on  between  variable?,  in 
this  caeie,  surface  temperature  and  nutrient  loading  rate?. 

Fluid  shear  stress  is  critical  in  fouling  envi  ronmerits 
since  it  strongly  influences  transport  and  detachment  rates. 
Figure  VI-3  indicates  the  influence  of  fluid  shear  stress  on 
biomass  accumulation  rates  (Bryers  and  Characklis,  19E11,’. 
Accumulation  rates  are  higher  at  the  higher  f ] ow  rate 
suggesting  that  transport  dominates  over  detachment  in  this 
system  during  the  early  st  iges  of  deposit  formation.  Figuru? 
VI -4  indicates  the  influence  of  shear  stress  on  fluid 
frictional  resistance  changes  caused  by  biofilm  accumulation 
(Turakhia,  unpublished  results). 

Finally,  the  composition  of  the  surface  material 
influences  the  rate  of  deposition.  Figures  X-F;i  and  X -6 
depict  the  progress  of  biofouling  depositicin  on  ivitanium  and 
copper-nickel  in  a  laboratory  sea  water  system  ( CFiar  at; k  1  i  s 
et  al . ,  1983).  If  only  total  deposit  mass  is  considered, 

the  copper--ni ckel  alloy  fouled  to  a  much  greater  ev^tent  than 
titanium.  However,  consideration  of  volatile  deposit  mass 
suggests  that  "biofouling"  was  essentially  the  same  in  the 
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two  alloys.  Other  analyses  indicated  that  much  of  the  total 
deposit  mass  on  copper-nickel  could  be  attributed  to 
corrosion  products  (Characklis  et  ai . ,  1983). 
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VII.  MOPEL_  REACTORS 

Model  reactors  used  in  the  laboratory  provide  tlte 
capability  ot  investigating  -fouling  phenomena  with  complete 
control  o-f  water  quality.  In  contrast,  -field  studies 
frequently  provide  no  control  of  the  chemical,  biological 
and  physical  water  quality  parameters  which  critically 
influence  the  fouling  process.  Critical  water  quality 
parameters  include: 

CHEMICAL 

-inorganic  concentration 
-organic  concentration 
-pH 

“dissolved  oxygen 
-biocide  type 
-biocide  concentration 

BIOLOGICAL 

-organism  typefs) 

-organism  numbers 

PHYSICAL 

-water  temperature 
-hydraulic  residence  time 

In  order  to  study  the  effect  of  any  one  of  these  parameter  s 
on  the  rate  and  extent  of  fouling  or  on  the  removal  of  a 
fouling  deposit,  control  of  all  other  parameters  is 
required.  Fluctuation  of  these  parameters  in  the  field 
exclude  the  use  of  field  monitoring  for  developing 
fundamental  models  of  the  fouling  process.  In  addition, 
ther'e  are  pr'actical  reasons  for  conducting  fouling  studies 
in  the  laboratory  including  the  following: 

-Eliminate  expensive  transportion  costs  to  field  sites. 

-Shorten  experiments  by  operating  under  conditions 

designed  to  promote  rapid  fouling. 

METHODS 


Figure  VII-1  shows  a  schematic  of  the  continuous 
stirred  tank  reactor  (CSTR)  concept  employed  in  our 
research.  Figure  VII-1  also  indicates  the  environmental 
control  capabilities  of  the  CSTR  system.  Methods  have  also 
been  developed  for  measuring  character i sti cs  of  a  fouling 
deposit  including: 

-thickness 

-mass 

-extent  and  distribution  of  area  covered  (patchiness) 
-numbers  and  types  of  microorganisms 
-organic  and  inorganic  constituents 


CSTR  WATER  SUPPLY  SYSTEM 


Inorganics  organics 


CSTR  CONTROL 


CHEMICAL 

.surface  material 
•surface  roughness 
-light  exposure 

PHYSICAL 

•  surface  to  volume  ratio 

•  surface  temperature 

•  surface  roughness 
"fluid  shear  stress 

\ 


CSTR  MEASUREMENTS 

EFFLUENT 

-Chemistry 
-organism  typo 
-aganism  numbers 

DEPOSIT 

-chemistry 
-organism  typo 
—organism  numbers 
-thicKness 

-  mass 

-  morphlogy 

UNDER  DEPOSIT  SURFACE 
composition  (SAM) 
pitting  Index 


ilJLpstat 


00  o  •# 

00  •  d  9 

O  *  *  *  • 


dilution 

water 


organics 


inorganics 


WATER  SUPPLY 
CONTROL 


CHEMICAL 

-Inorganic  cone 
-organic  cone 
-pH 

-dissolved  oxygen 

BIOLOGICAL 

-organism  type 
-organism  numbers 

PHYSICAL 

-water  temp 

-hydraulic  detention  timo 


-\r  e  V  T  1  - 1 


A  ‘rcliemcatic  d-iaigram  o+  the 
continuous  stirred  tiink  reactor 
(CSTFc)  concept  used  in  this 
r  esear ch . 
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-clepo'^it  morpholoqy 

The  CBTR  system  consists  of  a  1)  a  water  supply  systoiii 
where  water  quality  is  controlled  and  2)  tfie  CSTR  where 
conditions  at  the  touling  surface  are  controlled.  Chemical 
and  physical  factors  which  describe  conditions  at  the 
surface  include: 

CHEMICAL 

-surface  material 
-light  exposure 

PHYSICAL 

-surface  area  to  volume  ratio 
-surface  temperature 
-surface  roughness 
-fluid  shear  stress 
-surface  roughness 

Reaction  time  in  the  CSTR  bulk  water  is  dependent  on 
the  hydraulic  residence  (6)  which  equals  liquid  volume 
divided  by  water  supply  flow  rate  (  6  =  volume  /  flow 
rate).  Control  of  0  provides  a  number  of  benefits 
compared  to  operating  with  a  once-through  flow: 

1.  Growth  rate  of  bacteria  in  suspension 
(non-attached )  is  equal  to  0.  If  only  wall 
growth  is  desired,  the  CSTR  can  be  operated 
with  a  0  significantly  less  than  the  maximum 
specific  growth  rate  and  suspended  bacteria 
will  wash-out  before  reproducing. 

2.  Operating  with  a  long  hydraulic  residence  time 
requires  less  water  supply  and  consequently 
less  water  supply  chemicals  compared  to 
operating  a  once-through  system. 

3.  0  can  be  varied  during  an  experiment  if  an 
approximation  of  a  once-through  system  is 
desired-  For  example,  an  experiment  may  be 
operated  at  0  =  30  minutes  during  development 
of  the  biofilm  and  operated  with  a  0  :<  one 
minute  while  a  biocide  is  applied. 


GEOMETRIES 

number  of  different  reactor  geometries  have  been  used 
to  study  fouling  phenomena  because  of  their  relative 
advantages  in  particular  applications: 

1.  A  tubular  system  is  used  because  it  is  the 

prevalent  geometry  in  heat  exchangers  and  also 
because  a  wide  variety  of  alloys  are  available 
in  this  form.  Fluid  dynamics  in  this  geometry 
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ar  e  vf-  I  1  del  i  ned  . 

A  rcjtatinq  annular  reactor  is  used  because  ot 
its  compactness  and  ease  o-f  operation.  Such  a 
i-eac  tor  also  permits  non-destructive  sampling 
of  the  fouliriq  deposit. 

1.  A  r  adial  f 1 uw  reactoc  is  used  because  it 

provides  a  defined  range  o-t  fluid  shear  stress 
coriditions  simultaneously  at  the  fouling 
sur  f  ac, S'. 

‘1.  A  rot-itiiiq  disf  reactor  also  is  used  because  it 
provides  a  defined  range  of  fluid  shear  stress 
canditions:  at  the  fouling  surface  while 
mai  r-it  ai  n  1  nq  a  uni  form  mass  transfer  boundr’y 
layer  over  the  entire  surface.. 

Eacfi  rd  the  model  reactors  may  be  operated  as  a  C5TR 
i‘iifh  tfte  desiir-ed  water'  supplied  as  indicated  in  Figure 
'vpically  when  large  volumes  of  dilution  water  are  required, 
tap  water  treated  to  remove  residual  carbon  and  suspended 
solids  is  used.  Nutrients,  glucose,  micoroorgani sms  and,  in 
some  cases;,  a  synthetic  growth  media  are  added  to  the  CSTR 
to  prcivide  the  necessar  y  mineral,  energy,  and  carbon 
requirements  for  (iiicrobial  growth. 

TURULAF’'  REACTOR.  The  tubular  reactors  are  CSTR's  with 
iiiter'nal  rsicycle  as  indicated  in  Figure  VII-2.  This  system 
IS  typically  uss‘d  when  modelling  heat  transfer  tubing  or 
water-  supply  conduits.  C)ft€?n,  the  experimental  system  may 
c  on .M  n  the  alli'y  and  actual  tube  diameter  being  simulated. 
Advantages  of  the  tubular  configuration  include  the 
f  o 1 1 ow i n  q : 

1.  At  h]qhi  recycle  rates  employed  (recycle  flow 
rate  dilution  water  flow  rate),  the  reactor 
contents  are  completely  mixed  and  no 
concentration  longitudinal  gradients  exist  in 
the  liquid  phase.  This  simplifies  mathematical 
descriptions  and  sampling.  It  also  provides  a 
relatively  uniform  biofilm  in  the  recycle 
section  while  allowing  simple  control  of  pH  and 
temperature,,  From  a  practical  standpoint,  this 
system  (iiinimi,;es  the  consumption  of  water, 
microbiaJ  nutr  ients  and  other-  chemical 
add  1  f:  i  ves  . 

,j.  A  short  hydraulic  residence  time  can  be 

maintained  whicli  minimizes  biomass  activity  in 
ttie  bull  fluid  and  restricts  microbial  activity 
in  the  siystem  to  the  reactor  surfaces. 

3.  Fluid  shear  stress  at  the  wall  in  the  recycle 
loop  IS  independent  of  mean  residence  time  in 
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f- 1  gi.if  e:'  '.'11-2.  The  tubular  reactor  eystem. 


I 


Figure  'v*  1  T 


T  h  (S  a  n  n  u  1  a  r  re  a  c  tor. 
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the  reactoi'"  system. 

trach  tubul.  ar  reactor  system  may  incorporate  one  or  more 
r.f  the  following  types  of  tubular  sections: 

1.  A  tubular  test  section  in  which  pressure  drop 
j.  s  monitored  by  a  manometer  or  pressure 
transducer  during  biofilm  development.  Fluid 
frictional  resistance  can  be  calculated  from 
flow  rate  and  pressure  drop  measur ements . 

2.  A  test  heat  e;;changer  section  in  which  changes 
iri  heat  transfer  resistance  are  monitored  as  a 
function  of  biofilm  development. 

3.  A  tubular  section  or'  sleeve  which  contains 
removable  sample  tubes.  Sample  tubes  are 
removed  periodically  for  determining  biofilm 
thictriess,  biofilm  mass,  or  biofilm  chemical 
anal ysi s. 

‘1.  A  glass  tubular'  section  for  visual  or- 

microscopic  obser vati ona.  Periodic  micrographs 
or  video  recordings  of  biofilm  development  may 
be  obtained  using  a  transpar'ent  section. 

'5.  A  rectangular  duct  section  may  be  used  when 
samples  of  biofilm  developed  on  a  flat-plate 
are  desired.  This  is  part icul ary  desireable 
when  peri  die  access  to  a  deposit  is  requried, 
for-  instanc:e,  using  probes  to  obtain  chemical 
p  r  o f i 1 es  within  a  deposit. 

ANNULAR  REACTOR.  The  annular  reactor  is  a  potential 
method  for  monitoring  biofilm  development  because  of 
its  sensitivity,  particularly  to  changes  in  fluid 
fr ictional  resistance.  Fur ther more,  changes  in  the 
fouling  deposit  can  be  monitored  continuously  and 
non-dest.r  uct  i  vel  y , 

The  annul ar  reactor  consists  of  two  concentric 
cylinders,  a  stationary  outer  cylinder  and  a  rotating 
inner  cylinder  (Figure  VI 1-3).  A  torque  transducer, 
mounted  on  the  shaft  between  the  cylinder  and  the  motor 
drive,  monitors  the  drag  force  on  the  surface  of  the 
inner  cylinder.  Fluid  frictional  resistance  is 
calculated  from  rotational  speed  and  torque 
measurements.  A  removable  slide,  which  forms  an 
integral  fit  with  the  inside  wail  of  the  outer 
'  Iinder,  is  used  to  determine  biofilm  thickness, 
biofilm  ma'.,s,  and  provide  samples  for  determining 
biofilm  rhemical  composition.  The  reactor  is 
completely  mixed  by  either  an  external  recycle  or  by 
draft  tubes  in  the  inner  cylinder  which  are  designed 
for  fluid  mixing.  The  fluid  shear  stress  at  the  wall 
ran  be  varied  independently  of  mean  residence  time. 
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RO  I  A  T  I  IMG  D  I  SR;  AND  FaAD  1  AL  F  I  (JW  RL-  AC  1  UR .  1  hese  I  wo 

reactor  designs  are  use-ful  tor  studies  when  a  range  ot 
tluid  shear  stress  values  are  desired  simultaneously 
(i.e.  investigating  ettect  ot  tluid  shear  stress  on 
etticiency  at  a  biocide). 

RftDIfiL  FLON  REACTOR  The  radial  1 1  ow  reactor,  as 
designed  by  Fowler  (1980),  consists  ot  two 
parallel  disks  separated  by  a  narrow  spacing 
(Figure  VI 1-4.  Culture  tluid  is  pumped  into  the 
center  ot  one  at  the  disks  at  a  constant 
volumetric  t 1 ow  rate  and  tlows  out  radially 
between  the  disk:s  to  a  collection  man  it  old.  As 
the  cross  sectional  area  available  tor  t 1 ow 
increases  with  increasing  radius,  the  linear 
velocity  and  tluid  shear  stress  decreases.  Thus, 
high  shear  torces  are  present  near  the  inlet  and 
lower  shear  torces  are  present  toward  the  outlet. 


ROTATING  DISK  REACTOR  The  rotating  disk  reactor 
consists  ot  a  rotating  disk  placed  in  a  solution 
ot  tluid.  The  rotating  disk  has  been  used  to 
study  the  ettect  ot  tluid  shear  stress  on  biotilm 
development  because  tluid  shear  stress  vanes  with 
the  radius  ot  the  disk  with  the  highest  tluid 
shear  stress  at  the  outer  edge  ot  the  disk  and 
lower  tluid  shear  stress  values  towards  the  disk 
center . 
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SHEAR  STRESS 

(TURBULENT)  =  0.0288/5  vT 
(LAMINAR)  =  3Fu/7rrh^ 


T'lf-  radial  flow  react  Of. 
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VIII.  BIOF I LM.PRQPERI I ES_ INFLUENCING  TReNSPORI ^PROCESSES 


E'io^ouling  o-f  sur-faces  in  contact  with  tlowing  water  is 
known  to  cause  serious  increases  in  +101(5  trictional 
resistance  (FFR) .  This  results  in  increased  pressuie  drop 
and  pumping  requirements  in  conduits  that  reiquire  constant 
flow  or,  conversely,  loss  in  Tlow  capacity  i+  head  loss  is 
held  constant  <e.g.  gravity  tc^ed  systems).  Bio+ouling  o+ 
ship  hulls  results  in  reduction  o+  peak  ship  speed. 

A  typical  example  of  an  increase  in  FFR  in  a  power 
plant  water  conduit  is  shown  in  Figure  VlII-1.  The  0.8  in 
copper-nickel  conduit  exhibited  a  3(.)  percent  increase  in 
Frictional  resistance  aFter  15  days  oF  operating  with 
brackish  water.  Table  VIII-1  documents  other  cast!  historices 
oF  bioFouling  in  water  conduits.  Characklis  and  co-workers 
have  conducted  numerous  laboratory  studies  on  the  eFFect  oF 
bio+ouling  on  FFR  using  both  salt  water  and  Fresh  water 
(Zelver,  1979;  Picoloqlou  et  al . ,  1980;  Characklis  et 

al  .  ,  1981a;  Characklis  e-t  al  .  ,  1981b;  Trulear  and 

Characklis,  1982;  Characklis  et  al , ,  1982;  and  Characklis 

and  Zelver,  1983).  These  studies  document  the  dramatic 
increases  in  FFR  due  to  bioFouling.  In  addition, 
explanations  are  proposed  For  mechanisms  by  which  bioFouling 
increases  FFR. 

FRICTION  FACTOR 


FFR  is  determined  by  a  dimensionless  Fr'iction  Factor 
if)  which  is  calculated  From  Fluid  velocity  and  pressure 
drop  through  the  conduit  (Olson,  1973)  : 


f 


AP 


P 


f 


2 

V 


(Eq.  VIII-1) 


where, 

d  =  tube  diameter 
AP  =  pressure  drop 
Pj  =  fluid  density 
V  =  fluid  velocity 


(L) 

(M  t”^) 
(M  l“^) 

(L  t"^) 


NOTEi  Some  texts  use  a  constant  oF  0.5 
instead  oF  2.0  in  the  Friction  Factor 
cal cul ati on . 


At  any  given  velocity,  iF  pressure  drop  increases, 
Friction  Factor  increases  in  direct  proportion.  A  number  oF 
Factors  may  be  responsible  For  Fluid  energy  losses  which 
lead  to  increased  pressure  drop: 


Friction  Factor 
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Time  (days) 


Figure  VIll-1.  Increase  in  -frictional  resistance  due  to 
bxofouling  in  the  field  (DeHart,  1979). 
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o  j’ncreasf?  in  Fluid  discosity. 
o  Constriction  of  Tube  Diameter 

o  discoas  Dissipation  due  to  Creeping  fiction  of  a 
Surface  Coating.  Brauer  <1963)  per-formed 
experiments  on  -form  stability  o-f  the  interior  o-f 
asphal t- 1  i ned  pipes  as  a  -function  of  the  -flowing 
water..  At  higher  temperatures,  the  asphalt 
coating  assumed  a  rippled  surface  structure  that 
was  accompanied  by  an  unusual  increase  in 
frictional  resistance.  Brauer  explained  the 
phenomenon  as  an  actual  flow  of  the  coating  under 
the  action  of  fluid  shear  stresses.  Energy  is 
dissipated  by  the  asphalt  being  dragged  along  the 
pipe  surface. 

o  discoas  Dissipation  Mi  thin  a  Surface  Coating  due 
to  an  Oscillatory  Response  to  T urbul ent- F 1 om 
Excitation .  The  possibility  exists  for  a 
VI sco-el asti c  surface  to  absorb  energy  from  the 
flowing  fluid,  si.ich  energy  being  eventually 
dissipated  through  viscous  action. 

o  Increased  Surface  Roughness .  When  the  roughness 
of  an  inside  tube  wall  surface  is  sufficiently 
coarse,  eddy  currents  develop  which  result  in 
energy  losses. 

LABORATORY  RESULTS 

Characklis  and  co-workers  (Zelver,  1979; 
Picologlou,  et  al . ,  1980,  Trulear,  1980;  Trulear 

and  Characklis,  1982)  have  documented  the  effects 
of  biofouling  on  FFR  using  Tubular  Reactors  (TR) 
having  a  0.127  cm  inside  diameter  and  a 
hydraul i cal  1 y  smooth  surface.  These  systems  were 
inoculated  with  a  wide  spectrum  of  fouling 
bacteria  and  run  with  fresh  water  with  addition  of 
inorganic:  and  organic  nutrients.  Monitoring 
capabilities  included  measuring  pressure  drop, 
flow  rate,  biofilm  mass  and  biofilm  thickness.  In 
some  cases,  biofilm  morphology  was  examined 
microscopically.  Results  of  these  experiments 
were  as  follows: 

1.  Increase  in  FFR  due  to  biofilm  accumul ation 
during  an  experiment  Mith  constant  f Iom- rate . 
Figure  VI 1 1-2  shows  the  increase  in  pressure  drop 
in  the  fouled  TR  operated  at  a  constant  flow  rate 
of  150  cm  sec~^.  Within  60  hours  pressure  drop 
had  doubled. 

2.  Loss  of  floM  capacity  due  to  biofilm  accumulation 
during  an  experiment  Mith  constant  head  (pressure 


ssure  Drop,  AP  (N/m 
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drop),  f-i<gure  VI 1 1-3  shows  +low  capacity  was 
halved  within  60  hours  o-f  operating  with  an 
initial  -flow  velocity  o-f  185  cm  sec~^  . 

3.  Relationship  of  Biofilm  Thickness  to  Frictional 
Resistance.  Figure  VI 1 1-4  shows  -friction  -factor 
increases  with  bio-film  thickness  with  the 
eKception  of  a  begining  lag.  This  lag  is  typical. 
FFR  is  not  evident  until  bio-film  thickness  reaches 
a  critical  thickness  (in  this  case  approximately 
3t)um )  . 


MFCHANISMB 

Any  or  all  of  the  mechanisms  discussed  above  could 
account  -for  the  dramatic  increase  in  FFR.  Each  will  be 
discussed  in  order. 


FLUID  VISCGBITY.  Fluid  viscosity  did  not  change  during  a  TR 
experiment.  Fluid  viscosity  from  TR  experiments  under 
different  conditions  was  measured  using  a  capillary 
viscometer.  Fluid  visosity  varied  no  more  than  2.0  percent 
from  water  for-  any  experiment. 


TUBE  CONSTRICTION.  Figure  VI 1 1-5  indicates:  (1)  The 
increase  in  pressure  drop  and  biofilm  thickness  with  time 
for  a  typical  experiment:  and  (2)  the  increase  in  pressure 
drop  for  a  decrease  in  radius  equal  to  the  measured  biofilm 
thickness.  Pressure  drop  attributed  to  biofilm  thickness  is 
calculated  by  the  Blasius  equation  for  a  smooth  tube  (Olson, 
1973) : 


f 

0.316 

0.25 

(  ^  ) 

V 

where. 

d 

=  tube  diameter 

(L) 

V 

=  fluid  velocity 

(L/t) 

V 

=  kinematic  viscosity 

(Eq.  VIII-2) 


Constriction  of  the  tube  accounted  for  no  more  than  a  10 
percent  increase  in  pressure  drop  whereas  pressure  drop  due 
to  biofilm  accumulation  increased  approximately  110  percent. 
Clearly,  the  effecrt  bf  a  reduction  in  tube  diameter  by 
biofilm  accumulation  was  minimal. 

BIOFILM  CREEP.  Transport  of  biofilm  in  the  TR  system  seems 
an  unlikely  explanation  for  the  high  frictional  resistance 
in  the  fouled  TR  system  beause  the  biofilm  coating  always 
appeared  uniform  throughout  the  tubing  (biofilm  transport 


Recycle  Flow  Capacity,  (cm^/min  x  10 


Biofilm  Thickness  Pressure  Drop.AP 

Th  (pm)  (N/m^  x  10"3) 
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Experimental  Run  Time  (hr) 


Figure  VI 1 1-5. 


Progression  o-f 
the  calculated 
in  tube  radius 


actual  pressure  drop 
pressure  drop  due  to 
equal  to  the  bio-film 


compared  to 
a  decrease 
thickness. 
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would  require  a  steady  supply  ot  -film  or  the  wall  coating 
vj  o  u  Id  hi  s  a  [ri  t5  e  a  r  )  . 

BIDF-ILN  OSCILLATION.  Rheological  measurements  per-formed  on 
bio-film  grown  on  platens  o-f  a  Weissenberg  Rheogoni  ometer 
established  the  viscoelastic  nature  o-f  the  bio-film  (Zelver, 
1979),,  As  a  result  ot  the  relatively  large  viscous  modulus 
(the?  viscous  modulus  was  larger  than  the  elastic  modulus  at 
all  -frequencies  tested  between  7  Hs  and  12  Hz),  the 
possibility  exists  that  the  biotilm  draws  energy  -from  the 
flow,  such  energy  being  eventually  dissipated  through 
VISCOUS  action.  The  situation  is  quite  complex  and  de-fies 
analysis,  particularly  since  there  is  a  nonlinear  coupling 
between  the  structure  o-f  the  turbulent  -flow  and  the  bio-film 
f  esponse . 

RIGID  ROUGHNESS.  EFR  caused  by  biofouling  has  been  compared 
to  the  classical  relationships  developed  for  FFR  due  to 
rigid  roughness  in  tubes  fZelver,  1979  and  Picologlou  et 
-jI  .  ,  1980).  Extensive  work  on  flow  within  rough  pipes  was 

done  by  Ni kuradse  (1932)  using  known-size  sand  grains  fixed 
io  the  inside  of  tubes.  Ni kuradse’ s  work  describes  the 
relationship  of  friction  factor  to  Reynolds  Number  (Re)  for 
a  range  of  sand  roughness  diameters  where  Re  is  a  product  of 
fluid  velocity,  tube  diameter  and  fluid  kinematic  viscosity: 


~  ~  (Eq.  VIII-3) 

wher  0 , 


V 

=  fluid  velocity 

(L/t) 

d 

=  tube  diameter 

(L) 

V 

=  kinematic  viscosity 

(L=/t) 

The  relationship  between  friction  factor  and  Re  for  a 
range  of  biofilm  thicknesses  in  the  fouled  TR  system 
(Zelver,  1979)  is  presented  in  Figure  VI I  1-6.  The 
dependency  of  friction  factor  on  Re  is  the  same  as  for  a 
tube  with  a  rigid  rough  surface  between  the  range  of 
Reynolds  numbers  investigated  (5,000-48,000).  These  data 
were  obtained  by  reducing  in  steps  the  shear  stress  from  its 
initial  value  in  a  given  experiment  and  calculating  friction 
factor  and  Re  at  each  step.  Reduction,  rather  than  increase 
of  the  shear  stress  from  the  initial  condition,  minimized 
sloughing  of  biofilm  during  an  experiment. 

The  friction  factor  is  related  to  Re  and  the  equivalent 
sand  roughness,  b.,  through  the?  empirical  Col  ebrook-Whi  te 
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Figure  VI 1 1-6.  Change  in  +riction  Factor  with  Reynolds  number 
For  the  Fouled  TR  system. 
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equation  ( Bch  1  i  cht  i  ng  ,  1968).  Tftis  equation  provides  good 

correlation  -tor  triction  versus  Re  -for  various  "commercially 
rough"  tubes: 


k 

s 


=  d  ^^^(0.87  -  0.50f“^'^^)_ 


Re  f 


1/2 


where . 

d  =  tube  diameter 
•f  =  -friction  factor 
Re  =  Reynolds  Number 


<L) 

<-) 

(-) 


(Eq.  VIII-4) 


This  e;: pir essi on  can  be  used  to  compute  an  equivalent  sand 
roughness  for  the  biofilm  from  a  measurement  of  the  flow 
rate  <F)  and  pressure  drop  d  P)  .  Figure  17111—7  shows  the 
progression  of  k«  with  time  for  a  typical  experiment. 

Figure  VlII-8  indicates  the  dependence  of  k«  on  biofilm 
thickness  for  a  range  of  shear  stress  values  (6.5  N  m=  - 
7.9  N  m~^) .  The  data  imply  that  the  equivalent  sand 
roughness  of  the  biofilm  can  be  greater  than  the  actual  film 
thickness.  Furthermore,  scatter  in  the  k,  data  cannot  be 
attributed  to  change  in  nutrient  feed  or  temperature.  The 
difficulty  in  determining  the  dependency  of  k«  on  biofilm 
thickness  may  be  due  to  one  or  all  of  the  following  reasons: 

1.  The  biofilm  thickness  measurement  i s  an  average 
thickness  measurement  and  does  not  measure  actual 
height  of  roughness  peaks.  The  average  biofilm 
thickness  could  be  less  than  any  roughness  peaks 
of  the  biofilm. 

2..  Drainage  of  the  sample  tube  prior  to  the  biofilm 
thickness  measurement  may  decrease  the  effective 
biofilm  volume  and  thus  decrease  the  biofilm 
thickness;  the  effective  biofilm  thickness  may  be 
greater  with  the  sample  tube  in  situ  and  the 
biofilm  saturated  with  water. 

3.  As  mentioned  previously,  the  equivalent  sand 
roughness  depends  on  the  roughness  peaks,  but  it 
is  not  numerically  equal  to  their  size.  It  is  not 
unusual  for  the  equivalent  sand  roughness  to  be 
greater  than  the  roughness  peaks  (Schl ichting, 

1 960 ) 

4,  If  the  biofilm  indeed  increases  the  effective 
roughness  of  the  tube  wall,  a  dependencey  of 
calculated  equivalent  sand  roughness  on  biofilm 
surface  morphology  should  be  expected.  It  has 
been  well  established  that  different  surface 
roughness  configurations  having  identical  sizes  of 
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Figure  VIII-8.  Change  in  calculated  equivalent  sand  ro 
with  bioFilm  thickness  at  a  Fulid  shear 
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Figure  VII 1-9.  Relationship  between  -friction  -factor  and 

biofilm  thickness  as  a  function  of  biofilm 
density  (p)  in  an  annular  reactor. 
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rougfiness  peaks  results  in  dit-ferent  equivalent 
sand  roughness  ( Sch 1 i cht i ng ,  1968).  Figure  VI 1 1-9 
shows  the  relationship  between  -friction  -factor  and 
biofilm  thickness  as  a  function  of  hiofilm 
densit'/  in  an  Annular  Reactor  (Trulear,  1980). 
There  is  no  doubt  that  varied  biofilm  morpholgy 
'density)  results  in  different  FFR.  In  this  case, 
the  decrease  in  biofilm  density  resulting  in 
incre^ised  FFR  was  attributed  to  development  of 
filamentous  biofilm. 


Determination  of  the  flow  regime  ismooth,  transitional, 
or-  fully  rough)  depends  on  the  magnitude  of  k.  relative 
to  the  sjse  of  the  viscous  sublayer  (6)!  is  given  by 
Schlichting  (1968): 


5 


lOd 

Re 


(Eq.  VII-5) 


where,, 


d 

=  tube  diameter 

(L) 

Re 

=  Reynolds 

Number 

(-) 

f 

=  friction 

f  actor 

(-) 

More  speci  f  i cal  1  y,  when  k,  -<6,  the  pipe  is  considered 
hydraulically  smooth;  when  14  6  >  h:.  >6,  the  flow  is  in 
the  transitional  regime?  when  k.  >  146,  the  flow  is  in 
the  fullv  rough  regime  (Schlichting,  1966).  Figure  VIII-7 
shows  the  typical  progression  of  a  TR  experiment  where  the 
tube  IS  initially  hydraulically  smooth  and  proceeds  to  the 
transitional  and  fully  rough  regimes. 

As  indicated  in  Figure  VIII-4,  friction  factor  is 
dependent  of  biofilm  thickness  only  after  a  critical 
thickness  is  attained  which  is  approximately  equal  to  the 
thickness  of  the  visco-.is  sublayer.  The  critical  film 
thickness  corresponds  to  the  stage  of  biofilm  development  of 
which  surface  irregularities  protrude  through  the  viscous 
sublayer.  Until  this  stage,  the  roughness  peaks  are  smaller 
than  the  viscous  sublayer  thickness  (k«  <6  )  and  the 

friction  factor  does  not  increase  (the  tube  is  hydraulically 
smooth).  For  a  wall  shear  stress  of  6.5  -  7.9  Nm~®  the 
VISCOUS  sublayer  is  approximately  equal  to  40  jum) ?  this 
corresponds  well  with  the  observed  critical  thickness  (30  - 
35  ii(n)  for  the  same  wall  shear  stress  range.  This  is  shown 
in  Figure  VIII-10  which  expands  the  initial  fouling  stage  of 
Figure  VIII~4.  Figure  VIII-11  shows  the  relationship 
between  the  viscous  sublayer  and  biofilm  thickness  at  the 
start  of  increase  in  friction  factor  for  experiments  run  at 
a  range  of  Reynolds  numbers.  For  this  series  of  Re  biofilm 
thicTness  is  always  very  close  to  the  viscous  sublayer 
depth . 


Figure  VTlI-10.  Change  in  Friction  factor  with  biofilm 

thickness.  The  critical  film  thickness  where 
friction  factor  begins  to  increase  is 
approximately  30  to  35  urn. 


REYNOLDS  NUMBER 
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THICKNESS  OP  VISCOUS  SUBLAYER  (|im) 


Figure  VIlI-11.  Relationship  between  the  viscous  sublayer  and 
bio-film  thickness  at  the  start  of  increase  in 
friction  factor  for  experiments  run  at  a  range 
of  Reynolds  numbers. 
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In  turbulent  -flow  in  conduits  with  compliant 
boundaries,  the  possibility  exists  that  when  Re  exceeds  a 
certain  value,  rippling  ot  the  compliant  boundary  takes 
place  accompanied  by  drastic  changes  in  friction  tactor 
(Schuster,  1971).  Such  a  phenomenon  would  manifest  itself, 
according  to  the  preceding  analysis,  as  a  significant  change 
in  the  equivalent  sand  roughness  for  the  biofilm.  Such 
transitions  were  not  observed  in  our  experiments  for  the 
range  of  Re  numbers  investigated.  A  single  equivalent  sand 
roughness  was  sufficient  to  correlate  the  friction  factor 
and  the  Re. 

Although  the  frictional  resistance  effects  of  biofilm 
can  be  adequately  described  by  formulas  suitable  for  rigid 
rough  surfaces,  the  conclusion  should  not  be  made  that, 
indeed,  the  biofilm  presents  a  rigid  rough  surface  to  the 
flow.  Such  a  notion  is  an  oversimplification  and  cannot 
account  for  all  experimental  observations,  e.g.,  Figure 
VIII~12  compares  two  TR  experiments  with  identical 
conditions  except  for  the  roughness  of  the  inner  tube 
surface.  The  surface  of  TR3-6  was  initially  hydraulically 
smooth  <k«/6  =  0,20)  while  the  surface  of  TR3-11  was 
initially  fully  rough  (k./6  =  36),  The  fully  rough 
condition  was  due  to  sand  grains  (average  diameter  of 
0.22mm)  immobilized  on  the  inside  surface.  The  fallowing 
results  are  evident: 

1.  Initial  friction  factor  (f)  is  greater  in  the 
rough  tube  and  frictional  resistance  remains 
greater  at  all  times 

2,  Frictional  resistance  is  reduced  slightly  during 
the  first  30  hours  in  the  rough  tube. 

The  decrease  in  frictional  resistance  at  the  beginning 
of  TR3-11  suggests  that  the  biofilm  developed  between  the 
sand  grains  and  provi ded  a  less  rough  surface  up  to 
aproximately  30  hours. 

The  friction  factor  increases  relative  to  the  clean 
conditions  if- ft)  for  each  experiment  are  superimposed 
in  Figure  VIII-13  and  indicate  little  difference.  The 
additional  pronounced  frictional  resistance  in  the 
preroughned  tube  indicates  that,  the  effect  of  the  biofilm  on 
frictional  resistance  is  not  due  to  a  simple  increase  of 
rigid  surface  roughness.  A  possible  explanation  may  lie 
with  the  fact  that  a  significant  amount  of  the  frictional 
loss  is  due  to  the  presence  of  the  biofilm  filaments.  If 
so,  growth  of  biofilm  filaments  on  a  fully  rough  pipe  will 
increase  the  losses  and  increase  the  friction  factor  to  the 
same  extent  observed  in  an  initially  smooth  pipe. 

FILAMENTOUS  ORGANISMS.  As  indicated  previously,  the 
presence  of  filaments  appears  to  increase  FFR.  The 
filaments  of  the  biofilm  were  observed  to  flutter  with  a 
frequency  that  is  a  function  of  the  average  fluid  velocity. 
It  was  also  observed  that  frictional  resistance  increased 
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Experimental  Run  Time  (hr) 


Figure  VIII-12.  Comparison  of  friction  factor  progression  in  a 
pre-roughned  tube  (TR3-11)  with  friction  factor 
progression  in  a  smooth  tube  <TR3-6). 
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Experimental  Run  Time  (hr) 


Figure  VIII-1.3.  Absolute  friction  factor  progression  (f-fi) 
in  a  pre-roughened  tube  (TR3-11)  and  in  a 
smooth  tube  (TR3-6) . 
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with  increasing  -filament  length.  Such  increases  are 
analogous  to  increased  drag  in  streams  due  to  bottom 
vegetation.  Similar  phenomena  occur  in  the  study  o-f 
atmospheric  boundary  layers  due  the  presence  o-f  grassy 
v€?qetati  on . 

conclusions 

The  -following  conclusions  can  be  derived  -from  the 
preceding  descrip)tion  and  analysis  o-f  laboratory  experiments 
investigating  biofouling  and  FFR: 

1.  Increase  in  -frictional  resistance  corresponds  to 
an  increase  in  bio-film  thickness  or  bio-film  mass. 

2,.  Increase  in  the  calculated  equivalent  sand 

roughness  corresponds  to  an  increase  in  bio-film 
thi ckness. 

3.  Increase  in  -frictional  resistance  is  characterized 
by  an  induction  period  at  small  bio-film 
thicknesses  followed  by  a  rapid  increase  after 
biofilm  thickness  reaches  a  critical  value.  The 
critical  biofilm  thickness  corresponds  to  the 
viscous  sublayer  thickness. 

4.  Constriction  of  the  tube  due  to  biofilm  production 
accounts  for  only  approximately  10  percent  of  the 
frictional  resistance. 

5.  The  effect  of  Reynolds  Number  on  friction  factor 
for  a  tube  with  an  attached  biofilm  is  similar  to 
a  tube  with  a  rigid  rough  surface  in  the  range  of 
Reynolds  Numbers  investigated  <5,000  to  48,000). 


6.  The  filamentous  nature  of  the  biofilm  contributes 
to  the  increase  in  frictional  resistance. 
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IX.  B I  OF  I LMS  AND  „ HEAT .  JJR ANSFER 

Overall  heat  trans-fer  resistance  is  the  sum  ot 
conductive  and  convective  resistances,.  Convective  treat 
trans-fer  will  decrease  as  fouling  progrt-ss  due  to  increased 
turbulence  resulting  from  dt^posit  formation.  Conductive 
heat  transfer  resistance  will  increase  as  the  insu.latinq 
fouling  deposit  accumulates.  The  relative  contribution  of 
convective  and  conductive  resi ‘stance  to  overall  heat 
transfer  resistance  due  to  biofilm  deposition  in  a 
laboratory  experinient  (Characklis  et  aJ  ,  ,  19Sla;  NimiiiDns;, 
1979»  IS  shown  in  Figure  IX-1.  The  low  convective 
resistance  is  due  to  pi  onounced  relative  roughne'ss  of  the 
biofilm  which  causes  increased  turbulence.  Recent 
ei-iperiments  in  our  laboratory  indicate  relative  roughnesis  of 
calcium  carbonate  scale  deposit  is  small  as  compared  to  that 
of  biofilms  (Table  VI-1)  resulting  in  negligible  changes;  in 
convective  heat  transfer  resistance,, 

Present  research  for  the  Office  of  Naval  Research 
includes  evaluation  of  the  effect  of  surface  material 
(metallurgy)  and  fouling  treatments  on  both  biological 
fouling  and  corrosion  fouling  of  shipboard  heat  exchangersi. 
Closed  looped  systems  of  heat  exchanger  tubing  has  been 
built  in  the  laboratory  to  simulate  full  scale  systems.  The 
tubing  is  i nterchangeabl e  so  that  various  metals  can  be 
tested,  in  these  tests  fouling  on  titanium  is  compared  to 
fouling  on  70:30  Cu/Ni  tubing.  Treatment  by  chlorine  and 
cathelco  method  are  being  comparted  on  both  types  of  metal 
surfaces  (see  section  Control). 


FOULING  MEASUREMENT 

f-ouling  in  the  tubular"  reactor"  system  (Tf<.»,  described 
in  a  previous  section,  is  measured  by  monitoring  the  changes 
in  the  following  parameters: 

1.  frictional  resistance 

2.  over-all  heat  transfer  resistance 

3.  deposit  thickness 

The  first  two  methods  are  the  effect  of  deposition  while  tlie 
latter  is  a  direct  meaisure  of  the  deposit  accumul  ati  on. 
FRICTIONAL  RESISTANCE.  Fouling  deposits  can  c:au.se  increased 
fluid  frictional  resistance  by  decreasirtg  the  effective 
diameter  of  the  tube  and  incr'easing  the  tube  roughness. 
Frictional  resistance  is  determined  from  pressure  drop  and 
flow  measurements  in  the  tube  and  is  calculated  by 
(PicologloLi  et  al  .  ,  1980): 


HEAT  TRANSFER  RESISTANCE,  HTR 


ei:tionai  diagram  of 


f 


4  AP 


(Eq.  IX-1) 
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where , 


=  frictional  resistance 

(dimensionless) 

=  inside  raduis  of  the  tube 

(L) 

=  pressure  drop  across  length  L 

-1  -2 
(ML  ^t  ^) 

=  distance  between  pressure  ports 

(L) 

=  mean  fluid  velocity 

(Lt"^) 

=  fluid  density 

(ML~^) 

OVERALL  HEAT  TRANSFER  RESISTANCE.  Constant  heat  is  supplied 
to  a  thick  walled  heat  exchanger  (TWHE)  to  (Tieasure  the 
overall  heat  transfer  resistance.  Figure  IX-2  is  cn 
schematic  cross  sectional  diagram  of  the  TWHE.  The  TWHE 
consists  of  a  metal  annulus  clamped  firmly  to  a  heat 
exchanger  tube.  The  heat  transferred  through  the  TWHE  can 
be  obtained  by  measuring  the  temperature  at  two  radial 
positions  within  the  metal  block. 


q  = 


"  ^  «irL> 


(Eq.  IX-2) 


where, 

2 

q  =  heat  input  to  metal  block  (ML  t  ) 

=  thermal  conductivity  of  metal  block  (MLt  T  ) 

1  =  length  of  metal  block  (L) 

=  radial  distance  to  inner  thermistor  (L) 

radial  distance  to  outside  thermistor  (L) 

temperature  at  r^^  (T) 

=  temperature  at  r^  (T) 


The  contact  resistance  between  the  metal  block  and  the  tube 
alloy  can  be  determined  using  a  graphical  technique 
developed  by  Wilson  (1915).  If  the  contact  re«;istance  is 
nero,  the  temperature  on  the  outside  of  tube  wall,  Tz , 
can  be  determined  as: 


I 


j 

[  q  ln(r^/r2) 

T  =  T  - 
2  i  2  n  k^i 
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(Eq.  IX-3) 


where , 

r2  =  outside  radius  of  tube  (L) 

=  temperature  at  r2  (T) 

The  overall  heat  transfer  resistance  can  be  obtained  as: 


I 


-1 


^  '^2  »V".avr.>> 


(Eq.  IX-4) 


where, 

^B(AVG)  ~  average  bulk  fluid  temperature  (T) 

-1  1  -3 

U  =  overall  heat  transfer  resistance 

at  any  time  t 


The  overall  heat  transfer  resistance  (U“^)  is  the  sum  of 
conductive  and  convective  resistances.  For  a  fouled  tube 
U-’-  is  : 


-1 


(r^-Th)h 


r2ln(r2/rj^)  r2ln(rj^/ (r^-Th) ) 


convective 
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conductive 
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resistance 
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(Eq.  IX-5) 


where. 


h  =  convective  heat  transfer  coefficient 

=  thermal  conductivity  of  tube 

k^  =  thermal  conductivity  of  deposit 

Th  =  deposit  thickness 


-3  -1 
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(MLt"^T“^) 

(MLt~^T"^) 
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For  a  clean  tube,  the  conductive  resistance  o-f  the  deposit 
is  zero.  The  convective  heat  transfer  coefficient  can  be 
calculated  using  the  Colburn  analogy  (1933): 


,  -  T ^  „  0.33  -0.67  ,  0.67 

h  =  0.125  f  Cp  p  k  Pf  '' 


(Eq.  IX-61 


where, 

Cp  =  specific  heat  of  fluid 
p  =  fluid  viscosity 
k  =  fluid  thermal  conductivity 


2  -2  -1 
(L^t 

(ML"^t“^) 

(MLt“^T“^) 


The  convective  heat  transfer  resistance,  Rconv,  can  be 
calculated  as: 


(r^-Th)h 


where, 


=  convective  heat  transfer  resistance 

CONV 


(Eq.  IX-7) 


(M~^t\) 


The  conductive  heat  transfer  resistance  of  the  deposi t . 
Rcorsio,  can  be  calculated  rearranging  equation  IX-5: 


^COND  ^ 


(Eq.  IX-8) 


(r^  -Th)h 


where. 


=  conductive  heat  transfer  resistance 
COND  ,  ,  .  ^ 

of  deposit 


-1  3 
(M  t  T) 


The  thermal  conductivity  of  the  deposit  can  be  estimated 
from  the  conductive  heat  transfer  resistance  of  the  deposit 
and  the  deposit  thickness. 


^  ^  2  ln(r^/(rj^-Th)) 


(Eq.  IX-9) 
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DEPOSIT  THICKNESS.  The  thickness  o-f  the  deposit  in  the  test 
section  is  estimated  -from  the  volume  o-f  the  deposit.  A 
detailed  description  o-f  the  method  -for  estimating  the 
deposit  volutne  is  presented  elsewhere  (Zelver,  1979). 

Deposit  thickness  is  determined  by  dividing  deposit  volume 
by  the  surface  area  of  the  tube. 

OVERALL  HEAT  TRANSFER  RESISTANCE 

Fouling  can  be  monitored  by  measuring  the  increase  in 
overall  heat  transfer  resistance  which  is  the  major  concern 
in  heat  exchangers/condensers. 

The  overall  heat  transfer  resistance  is  the  sum  of 
conductive  and  cons'ective  heat  transfer  resistance.  For  a 
clean  tube,  at  time?  t  =  0,  the  corydactive  res  i  stsnee  of  the 
deposit  is  zero  so  that  the  convective  resistance  is  equal 
to  the  overall  heat  transfer  resistance  'clean  tube).  At 
any  time,  t>0,  ttie  relative  contribution  of  conductive  and 
convective  resistance  to  overall  heat  transfer  resistance 
will  depend  on  the  type  of  deposit  accumulated  on  the  heat 
transfer  surface. 

Experiments  have  been  conducted  in  our  laboratory  to 
deter  (Til  rie  the  influence  of  different  types  of  deposit  on 
heat  transfer  resistance.  In  this  study,  the  tube  alloy 
<70:3(.''  Cu/Ni  )  ,  bulk  water  temperature  (35‘=’C)  ,  flow 
velocity  (0.91  m  s"^  or  3  f ps) ,  calcium  content  (250  mg 
1“*),  and  the  pH  of  the  water  (8-8.2)  were  held  constant 
in  all  the  experiments.  The  influence  of  three  different 
types  of  deposit  on  heat  transfer  resistance  was  determined. 

In  the  case  of  a  combined  bi of i 1 m/scal e,  the  experiment 
was  initiated  by  inoculating  the  fermenter  with  a  mixed 
population  of  (Tii  croorgani  sms  and  operating  in  the  batch  mode 
for  8-10  hours.  The  system  was  then  continuously  supplied 
with  10  mg  1“^  glucose.  In  the  case  of  silicate  scale, 
the  system  was  continuously  supplied  with  200  mg  1“^  of 
sodium  silicate  while  in  the  case  of  a  pure  calcium 
carbonate  scale  the  system  was  not  supplied  with  glucose  or 
sodium  silicate.  Tlie  following  observations  were 
noteworthy : 

1.  Different  types  of  deposit  were  found  to  exhibit  a 
different  rate  and  extent  of  fouling  as  measured 
by  the  incr€?ase  in  overall  heat  transfer 
r  esi stance. 

In  the  case  of  "pure  scale"  (Figure  IX-3),  the 
increase  in  overall  heat  transfer  resistance  was 
largely  due  to  the  increase  in  conductive 
resistance.  This  type  of  deposit  was  found  to 
exhibit  a  low  relative  roughness  and  the 
convective  resistance  was  essentially  constant. 

The  calcium  carbonaf e/si  1 icate  scale  (Figure  IX-4) 
exhibited  a  hKjher  increase  in  overall  heat 
ti- ansf er  resistance  as  compared  to  a  calcium 
carbonate  scale. 

For  the  combined  biofilm/scale  (Figure  IX-5),  the 
increase  in  ccjnductive  resistance  of  the  deposit 
was  largely  offset  by  the  decrease  in  convective 


4. 


TIME  (hrs) 

Figure  IX-3.  Progression  o-f  heat  trans+er  resistance 
due  to  the  deposition  o-f  calcium 
carbonate  -for  a  constant  -flow  o-f  0.91  m 
s“^  <tube  alloy  10:30  Cu/Ni  and 
=  250  mg  l-»). 


TIME  (hr*) 


Figure  IX-4. 


Progression  oF  heat  transfer  resistance 
due  to  the  deposition  o-f  calcium 
carbonate/silicate  scale  for  a  constant 
flow  of  0.91  ms~^  (tube  alloy  70:30 
Cu/Ni,  Ca**  =  250  mg  I'S 
NaaSiQ3  =  200  mg  1“^). 


Progression  o-f  heat  trans+er  resistance 
due  to  the  deposition  o-f  combined 
biofilm/scale  -for  a  constant  flow  of 
0.91  m  s~^  <tube  alloy  70:30  Cu/Ni , 

Ca'*'"^  =  250  mg  1“^,  total  organic 
carbon  =  10  mg  1“^  (Glucose)). 


DEPOSIT  THICKNESS  (mlerena) 
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resistance  (due  to  deposit  roughness). 
FOULING  RESISTANCE 

Fouling  data  are  customarily  reported  in  terms  o-f 
fouling  resistance  or  foaling  factor  (R^)  which  is 
defined  as  -follows: 


where, 

=  fouling  resistance  or  fouling  factor 

U  ^  =  overall  heat  transfer  resistance  at 

o  ^  ^ 


(Eq,  IX-10) 

-1  3 
(M  t^T) 

-1  3 
(M  t  T) 


The  term 
does  not 

1 . 


4. 


fouling  resistance  is  sometimes  misleading  and 
yield  any  valuable  diagnostic  information: 

The  influence  of  fouling  on  heat  exchange  rate  in 
engineering  design  is  generally  determined  as  a 
fouling  resistance  describing  the  thermal 
(conductive)  resistance  of  the  deposit  (Kreith, 
1973).  In  fact,  the  term  fouling  resistance 
represents  the  net  increase  in  heat  transfer 
resistance  (conductive  plus  convective  resistance) 
and  not  thermal  (conductive)  resistance  of  the 
deposi t . 

The  values  for  fouling  resistance  are  generally 
selected  from  tables  (e.g.,  TEMA  standard)  of 
questionable  accuracy  with  vague  information  as  to 
the  operating  condition  (shear  stress)  and  the 
type  of  deposit  (scale,  biofilm,  etc.)  for  which 
fouling  resistance  values  were  determined. 

The  conductive  resistance  of  the  deposit,  in  most 
cases,  will  be  higher  than  the  fouling 
resistance.  The  extent  to  which  it  is  greater 
than  fouling  resistance  will  depend  on  the 
roughness  characteristics  of  the  deposit 
accumulated  on  the  heat  transfer  surface.  Figure 
IX-1  shows  the  increase  in  heat  transfer 
resistance  due  to  accumulation  of  biofilm  inside  a 
tube  in  a  laboratory  experiment  (Characklis  et 
a/.,  1981a).  In  terms  of  fouling  resistance^ 

an  increase  in  heat  transfer  resistance  of  0.00009 
m=  “C/watt  (0.00051  ft=*  h  »F/EtTU)  was 
observ€>d,  but  the  increase  in  conductive 
resistance  was  0.00023  m*  “C/watt  (0.0013 
ft®  h  “F/BTU) ,  2.5  times  higher  than 
fouling  resistance. 

The  calculation  of  fouling  resistance  depends  on 
the  overall  heat  transfer  resistance  (i.e., 
convective  resistance)  at  clean  condition.  For 
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example,  velocity  of  water  past  the  heat  transfer 
surface  will  influence  the  convective  resistance 
at  clean  condition  and  hence  the  calculation  of 
■foaling  resistance. 

Most  mathematical  models  (Kern  and  Seaton,  1968; 

Taborek  et  al . ,  1972;  Watkinson  and  Epstein, 

1969)  describing  the  influence  of  fouling 
processes  on  heat  transfer  are  generally  based  on 
the  following  relationship: 

=  4>d  -  <f’r  (Eq.  IX-11) 


where , 


dt 


net  rate  of  fouling  accumulation 
deposition  rate 

removal  rate 


-1  2 
(M  ^t^T) 

(m^K/j) 

(m^K/J) 


This  relationship  expresses  the  deposition  rate 
and  removal  rate  of  fouling  deposit  in  terms  of 
energy  units  rather  than  in  term  of  mass  flux. 

Based  on  Equation  IX-11,  at  constant  fouling 
resistance,  the  deposition  rate  equals  removal 
rate  (or  thickness  remains  constant).  However, 
constant  fouling  resistance  can  also  result  when 
the  increase  in  conductive  resistance  (or 
thicknes)  of  the  deposit  equals  the  decrease  in 
convective  resistance  (due  to  deposit  roughness). 

6.  The  foaling  resistance  model  (Equation  IX-11) 
defines  fouling  resistance  as: 

=  Th/ko  (IX-12) 

where,  Th  =  thickness  of  deposit  (L) 

ko  =  thermal  conductivity  (MLt~=T“^) 

of  deposit 

This  relationship  is  only  valid  when  the 
convective  resistance  remains  constant  and 
foaling  resistance  equals  conductive  resistance 
of  deposit.  Fouling,  in  most  cases,  is  associated 
with  an  increase  in  pressure  drop  (or  decrease  in 
convective  resistance). 

7.  The  model  (Equation  IX-11)  cannot  predict  a 
negative  value  of  .  Yet,  negative  fouling 
resistance  can  result  during  initial  biofilm 
accumulation  (Figure  IX-1),  when  the  increase  in 
conductive  resistance  (or  thickness)  of  the 
deposit  is  less  than  the  decrease  in  convective 
resistance.  Negative  fouling  resistance  in  the 
early  stages  of  biofilm  accumulation  has  also  been 
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observed  in  the  field  when  new  surfaces  are 
initially  exposed  to  a  fouling  environment. 

S.  Asymptotic  fouling  resistance  can  only  result 

when  conductive  and  convective  resistance  of  the 
deposit  remain  constant  (special  case  Ed  = 

)  . 

9.  At  constant  deposit  (biofilm)  thickness,  change  in 
density  or  composition  of  the  deposit  can 
influence  the  conductive  resistance  <.  fouling 
resistance)  of  the  deposit. 

COMBINED  HEAT  TRANSFER  AND  FRICTIONAL  RESISTANCE 

Heat  transfer  resistance  or  frictional  resistance 
measurements  alone  cannot  be  effectively  used  to  monitor 
fouling  since,  in  such  cases,  the  deposits  are  rarely 
homogenous.  However,  frictional  resistance,  in  combination 
with  heat  transfer  measurements,  can  yield  valuable 
information  on  the  progress  of  fouling. 

FOULING  DIAGNOSIS  POTENT I AL 

Fouling  monitoring  methods  frequently  do  not  measure 
effects  of  deposition  and  do  not  yield  information  regarding 
the  composition  and  type  of  deposit.  Information  regarding 
deposit  type  would  be  useful  in  selecting  an  appropriate 
treatment  procedure. 

Recent  experiments  in  our  laboratory  indicate  a 
significant  difference  in  fouling  deposit  properties  as 
shown  in  Table  IV-1.  These  properties  can  be  estimated 
using  a  fouling  monitor  which  mesures  the  increase  in 
deposit  thickness,  heat  transfer  resistance,  and  frictional 
resistance.  A  summary  diagram  of  such  a  monitoring  program 
is  shown  in  Figure  IX-6.  The  type  of  deposit  occurring 
inside  a  heat  exchanger /condenser  can  be  determined  by 
estimating  its  thermal  conductivity  and  relative  roughness 
using  a  fouling  monitor  if  an  apparaent  deposit  thickness  in 
known.  If  an  apparent  deposit  thickness  could  be  determined 
in  situ,  the  in  situ  estimation  of  deposit  thermal 
conductivity  and  deposit  reltive  roughness  can  be  used  as  a 
diagnostic  decision  variable  for  internal  control  of 
fouling.  Characklis  et  al . ,  (1982)  have  described  a 

method  for  obtaining  apparent  deposit  thickness  in  situ 
and  automatically  at  regular  intervals.  A  schematic 
diagram  illustrating  the  apparatus  required  for  this  method 
is  shown  in  Figure  IX-7. 

FIELD  OBSERVATIONS 

The  fouling  monitor  system  has  been  successfully  used 
(Characklis  et  al . ,  1981b;  Zelver  et  al . ,  1982)  to 

monitor  fouling  in  a  brackish  water  cooling  system.  The 
goal  of  one  such  project  (Zelver  et  al , ,  1982)  was  to 

determine  the  fouling  potential  of  AL--6X  stainless;  steel 
heat  exchanger  tubing.  An  inside  tube  wall  temperature  was 
chosen  for  optimum  fouling  indicated  by  previous  laboratory 
studies  (Stathopoul os,  1981).  Results  show  a  a  rapid 
build-up  of  a  microbial  matrix  containing  considerable  silt 


Figure  IX-6.  Summary  o-f  -fouling  monitoring  method. 
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An  illustration  ot  the  use  oF  a 
diagnostic,  on-line  -fouling  monitor  as  a 
■feedback  control  device  in  an  open, 
reci rcul ating  cooling  tower  system. 


Figure  lX-7. 
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debris.  Heat  trans-fer  -fouling  appears  to  plateau  at 
approximately  0.0012  m=*  C/watt  (0.0068  -ft^  °F  hr/ 

BID)  within  40  to  60  days  regardless  o-f  seasonal  variation 
or  flow  velocity  -from  0.30  m  s~^  (1.0  -fpsi  to  0.50  m 

s-»  <1.7  -fps)  . 

Test  conducted  at  0.30  m  s~-'  <1.0  fps).  Figure 
IX-8  presents  the  progression  o-f  heat  trans-fer  resistance 
and  the  fouling  factor  for  the  first  100  days  of  testing  at 
a  constant  flow  velocity  of  0.30  m  s*^  and  a  constant 
inside  tube  wall  temperature  of  35  °C  (95‘=’F)  .  In 
addition  to  the  obvious  increase  in  heat  transfer  with  time, 
several  other  features  are  noteworthy: 

1.  On  day  24  and  day  62,  momentary  flow  excursions 
occurred  which  increased  flow  to  0.90  m  s'^. 

These  flow  excursions  were  associated  with  sudden 
drops  in  heat  transfer  resistance  as  a  result  of 
the  fouling  deposit  sloughing  off. 

2.  On  day  30,  the  AL-6X  was  replaced  with  a  new 
AL-6X  tube  of  identical  dimension  (test  2> .  The 
fouling  factor  returned  to  within  3  percent  of  its 
original  value.  Figure  IX-9  shows  the  progression 
of  heat  transfer  resistance  for  the  first  30  days 
(test  1)  superimposed  on  test  2  results. 
Progression  of  heat  transfer  resistance  was  almost 
identical  for  both  test  despite  seasonal  variation 
resulting  in  change  in  bulk  water  tempeerature 
from  17  °C  to  27  °C. 

Figure  IX-10  presents  the  progression  of  fluid  friction 
resistance  as  friction  factor  for  test  1  and  test  2  at  a  low 
velocity  of  0.3  m  s“^.  A  similar  progresion  as  heat 
transfer  resistance  is  observed.  Of  particular  interest,  is 
the  drop  in  the  frictional  resistance  at  day  62 
corresponding  to  the  drop  in  heat  transfer  resistance 
attributed  to  the  0.90  m  s~^  flow  excursion. 

Jest  conducted  at  0.50  m  s~'  <1.70  fps).  Figure 
IX-11  shows  the  progressio'!  of  heat  transfer  resitance  and 
the  fouling  factor  with  time  for  a  flow  velocity  of  0.50  m 
s~^  and  a  constant  inside  wall  temperature  of  35  “C. 

No  flow  excursion  or  other  perturbations  occurred  during  the 
80  day  test  period.  The  progression  of  fouling  followed  a 
typical  sigmoidal  pattern  and  plateau  which  is  seen  for 
almost  any  mesurement  of  fouling  progression  (Characklis  et 
al . ,  1981a). 

The  plateau  fouling  factor  was  virtually  the  same  as 
for  0.30  m  s~^.  Furthermore,  the  rate  of  fouling  at  0.50 
m  s  is  very  similar  to  that  observed  at  0.30  m  s"^. 

MICROBIAL  CELL  ACCUMULATION  IN  A  FINNEE'  TUBE 

Biofouling  of  heat  exchange  equipment  can  impede  the 
flow  of  heat  across  the  surface,  increase  fluid  frictional 
resistance  resistance  at  the  surface,  and  increase  the 
corrosion  at  the  surface.  In  each  case,  energy  loss 
results. 

The  need  for  high  performance,  compact  heat  exchange 
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equipment  has  led  to  the  development  o-f  many  types  o-f 
surfaces  that  enhance  heat  transfer  performance  of  smooth 
tubes.  Enhanced  performance  over  smooth  tubes  is  achieved 
by  providing  inner  fins  or  using  indented  or  fluted  tubes. 
These  tubes  increase  the  heat  transfer  rate  by  modifying  the 
flow  pattern  and  increasing  the  surface  area  for  heat 
transfer.  The  modified  flow  pattern  in  enhanced  heat 
transfer  tubes  also  increases  the  convective  heat  transfer. 
However,  enhanced  convective  heat  transfer  suggests  that 
convective  mass  transfer  is  also  increased.  Increased  mass 
transfer  leads  to  increased  transport  of  potential  fouling 
materials  to  the  surface. 

An  experiment  was  conducted  to  compare  the  deposition 
and  distribution  of  microorganisms  on  a  smooth  tube  and  a 
tube  with  inner  fins  in  a  controlled  laboratory  experimental 
system. 

EXPERIMENTAL  SYSTEM  AND  METHODS.  The  experimental  results 
were  obtained  by  measuring  the  number  of  bacterial  cells 
attached  on  a  tube  section  within  a  recirculating  tubular 
reactor  system  <TR).  The  system  consists  of  a  mixing  tank 
and  an  exte-rnal  recycle  loop  (Figure  IX-12)  .  The  recycle 
loop  consisted  of  1.587  cm  O.D.,  70:30  Cu/Ni  heat  exchange 
tubing  with  wall  thickness  of  0.132  cm.  The  dilution  rate, 
Fn,  (0.027  1  min“^)  was  much  smaller  than  the  recycle 
rate.Fo,  (7.5  1  min"^)  therefore  the  entire  system 
behaved  as  a  continuous  stirred  tank  reactor  (CSTR) .  The 
Reynolds  number  in  the  recycle  loop  based  on  smooth  tube 
diameter  was  16600.  A  detailed  descrip+'ion  of  the 
experimental  system  is  presented  elsewhere  (Characklis, 

1980).  The  experimental  system  included  a  test  section 
(Figure  IX--13c)  consisting  of  a  series  of  removable  tubes  (5 
cm  long)  which  were  held  in  place,  between  teflon  gaskets 
(fins)  whose  I.D.  and  O.D.  were  the  same  as  that  of  tube 
material  to  form  a  continuous  tube  (Figure  IX-13b>. 

The  same  test  section  was  used  to  form  a  continuous 
tube  with  circular  inner  fins  (height  of  the  fin  =  0.094  cm) 
which  were  placed  5  cm  apart  (Figure  IX-13a).  The  circular 
fins  were  0.06  cm  thick  teflon  rings  (I.D.  =  1.135  cm.  O.D. 

=  1 . 587  cm) . 

The  experiment  was  initiated  by  inoculating  a  mixed 
population  of  microorganisms  and  operating  the  reactor  in  a 
batch  mode  (as  opposed  to  continuous  flow)  for  8  hours.  The 
dilution  feed  consisted  of  a  substrate  solution,  dilution 
water,  and  micronutrients.  The  substrate  was  composed  of 
glucose  (10  mg  1~^)  as  the  sole  carbon  and  energy  source. 

The  temperature  inside  the  reactor  was  maintained  at  30 
°C  and  pH  8  -  8.2.  The  mean  fluid  velocity  was  0.91  m 
s“^  . 

Each  tube  section  was  machine  grooved  on  the  outside  so 
that  the  ube  could  be  broken  into  five  (5)  segments  easily. 
The  tube  segments  were  numbered  for  identification.  At  the 
end  of  100  hours,  a  tube  section  from  the  smooth  tube  and 
another  from  the  finned  tube  was  removed  from  the  reactor. 
The  tube  sections  were  broken  into  five  segments.  The 
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bio-film  -from  these  segments  was  scraped  into  5  ml  o-f  2 
percent  -filtered  (average  pore  size  0.002  cm)  formalin.  The 
total  number  of  cells  on  these  tube  segments  were  measured 
by  acridine  orange  direct  count  (AODC)  ep i f 1 ouresence 
microscopy  (Hobbie  et  al . ,  1977). 

RESULTS.  Experiments  were  conducted  to  compare  the 
distribution  of  attached  bacteria  on  a  5  cm  smooth  tube 
section  and  a  section  of  tube  between  two  circular  fins 
seperated  by  a  distance  of  5  cm.  The  total  number  of 
attached  cells  at  the  end  of  100  hours  was  measured  by  AODC 
epi f 1 ouresence  microscopy. 

The  following  observations  are  noteworth: 

1.  There  exists  a  significant  difference  in  the 
distribution  of  attached  cells  in  a  tube  section 
with  two  inner  circular  fins  (Figures  IX-14  and 
IX-15)  as  compared  with  a  smooth  tube  section. 

The  height  of  the  fin  protruding  in  the  flowing 
fluid  (7.5  1/min)  ws  0.094  cm.  The  minimum  amount 
of  attached  cells  was  found  at  the  center  of  the 
tube.  In  general,  the  flow  pattern  in  the  finned 
tube  will  influence  the  distribution  of  attached 
cel  1 s. 

2.  The  extent  of  fouling  in  finned  tube  section  was 
somewhat  less  than  that  of  the  smooth  tube 
(Figures  IX-14  and  IX-15). 

If  mass  and  heat  transfer  rates  are  greater  in  the  finned 
tube,  why  are  fewer  cells  observed  on  the  finned  tube?  The 
reported  data  reflect  net  accumulation  of  microbial  cells. 
Consequently,  increased  turbulence  in  the  region  between  the 
fins  may  decrease  the  attachment  rate  or  increase  detachment 
rate  or  both.  The  results  after  100  hours  can  only  suggest  a 
decreased  sticking  efficiency  for  microbial  cells  under 
experimental  conditions. 

No  systematic  studies  of  biofilm  accumulation  in  finned 
tubes  are  available.  Preliminary  results  obtained  suggest 
that  a  significantly  different  distribution  of  attached 
cells  will  form  on  finned  tube  surfaces.  This  single 
observation  at  the  end  of  100  hours  cannot  be  extrapolated 
to  all  alloys,  geometries,  and  operating  conditions  such  as 
flow  velocity  and  water  quality.  Our  results  suggest  that 
more  defined  studies  should  be  pursued  with  enhanced  heat 
transfer  surfaces  to  determine  their  performance  in 
environments  with  high  potential  for  fouling.  Such  studies 
may  lead  to  a  geometry  which  maximizes  heat  transfer  while 
minimizing  fouling. 
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Distribution  o-f  attached  microbial  cells 
on  a  5  cm  smooth,  70:30  Cu/Ni  tube  at 
the  end  o-f  100  hours. 
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X  .  M I CROB I  all Y- ASS  I SIED __CQRROS  ION 

Mi crobi al 1 y-assi sted  corrosion  (MAC)  has  been  a  subject 
o-f  si  qni-f  leant  interest  to  corrosion  engineers  and 
scientists  -for  over  50  years.  While  solutions  have  been 
devised  to  minimize  many  problems  related  to  MAC,  the 
approach  remains  primarily  empirical.  The  identification  of 
specific  corrosion  mechanisms  has  remained  elusive  because 
of  the  complexity  of  the  microbial  processes.  MAC  i s  an 
extremely  complex  problem  involving  a  number  of  processes 
occurring  at  the  metal  surface: 

-Transport  and  adsorption  of  organics  and  nutrients 

to  support  growth  of  mi croorgni sms. 

-Transport  of  microbial  cells  to  the  surface. 

-Attachment  of  microorganisms. 

-Reactions  of  the  microorganisms  within  the  biofilm 

(Characklis,  1981) 

•  growth  or  replication 

•  product  formation 

•  cell  maintenance 

■  death  or  lysis  of  the  cell 

-EUofilm  detachment. 

-Reactions  between  the  biofilm  and  metal  surface 

•  reaction  of  microbial  products  with  the 
metal  surface 

•  reaction  between  surfaces  covered  with 
biofilm  and  surfaces  not  covered  (formation 
of  differential  surface  chemistries). 

PRINCIPLES  OF  AQUEOUS  METALLIC  CORROSION 

The  incidence  of  aqueous  metallic  corrrosion  is 
determined  by  the  free  energy  change  associated  with 
oxidation  of  the  metal.  The  electrochemical  nature  of  the 
corrosion  process  requires  that  both  anodic  and  cathodic 
reactions  occur  simultaneously  on  the  metal  or  corrosion 
product  surface  (except  in  the  case  of  bimetallic  or 
galvanic  corrosion).  Typically,  the  rate  limiting  step  is 
the  slower  of  the  two  electron  transfer  reactions  (anodic  or 
cathodic).  However,  in  some  cases,  the  rate  limiting  step 
may  be  a  chemical  dissociation  or  recombination  step  (e.g. 
atomic  hydrogen  combining  to  form  molecular  hydrogen  at  the 
cathode) . 

Rate  of  corrosion  is  influenced  by  formation  of  a 
protective  corrosion  product  film  (passivation)  and  by 
physical,  chemical  and  biological  factors  in  the  aqueous 
environment: 

1.  Chemical  constituents  affecting  corrosion 
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rates  include  concentration  o+  dissolved  salts, 
gases,  metallic  ions  and  pH. 

2.  Physical  factors  include  surface  and  water 
temperature,  fluid  velocity  and  transport  of 
constituents  to  the  surface. 

3.  Biological  factors  include  organi c  product 
formation  by  bacteria,  and  local  changes  in  pH 
and  other  ions. 


INFLUENCE  OF  MICROBIAL  PRODUCT  FORMATION  ON  CORROSION 

The  influence  of  microorganisms  on  corrosion  is 
determined  by  activity  at  the  anodic  and  cathodic  sites.  A 
survey  of  possible  mechanisms  for  the  influence  of 
microorganism  on  the  corrosion  process  include! 

1.  Production  of  Extracellular  Polymeric 
Substances  (EPS) .  EPS  secreted  by 
microorganisms  is  the  bulk  of  material  forming 
the  biofilm  matrix.  EPS  is  the  binding  force 
that  holds  microbial  cells  and  their  products 
to  the  surface  where  corrosion  reactions  take 
place.  EPS  is  composed  of  polyelectrolytes  and 
may  act  as  an  electron  sink. 

2.  Differential  Concentration  Cells, 

Differences  in  concentration  of  chemicals  (e.g. 
oxygen)  between  areas  covered  by  biofilm  and 
areas  left  bare  due  to  detachment  of  biofilm 
can  promote  corrosion. 

3.  Acid  Production .  Members  of  the  genus 
Thiobacc i 1 1  us  oxidize  sulfide,  producing 
sulfuric  acid  as  a  result  of  this  di ssi mi  1 atory 
process.  Weaker  acids  (i.e.  organic)  are 
produced  by  a  variety  of  microorgani sms  under 
anaerobic  conditions. 

4.  Sulfate  Reducing  Bacteria  (SRB) .  SRB  are 
often  detected  on  corroded  surfaces  leading 
researchers  to  search  for  the  mechanism  by 
which  this  bacterial  group  may  promote 
corrosion.  A  number  of  mechanisms  have  been 
proposed.  However,  a  satisfactory  model  has 
yet  to  be  developed. 

EXTRACELLULAR  POLYMERIC  SUBSTANCES  (EPS).  The  attached 
bacteria  produce  an  extracel 1 ul ar  polmeric  substances  (EPS) 
which  forms  a  barrier  (diffusional  resistance)  to  exchange 
of  elements  between  the  metal  surface  and  the  aqueous 
enviornment.  Reaction  between  bacterial  products  and  the 
metal  surface  take  place  within  the  biofilm  matrix 
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consisting  o-f  bacteria  and  the  surrounding  EPS.  EPS  is 
frequently  composed  o-f  polysaccharide  subunits,  primarily 
mannons,  glucans  and  uronic  acid  (Stainier,  1976;  Costerton, 
1978).  The  ratio  o-f  these  can  vary  depending  on  type  o-f 
bacteria  (Geesey,  1982).  Several  investigations  have  shown 
increased  EPS  production  in  nitrogen  or  phosphorous  limited 
systems  (Tain  and  Finn,  1977;  Williams  and  Wimpenny,  1978; 
Mian  et  aJ ,  1978;  Williams  1978). 

The  mass  o-f  bacteria  embedded  within  the  bio-film  is 
reported  to  be  extremely  small  compared  to  the  mass  of  EPS 
(Characklis,  1981,  Fletcher  and  Floodgate,  1973;  Costerton, 
1978).  However,  the  high  degree  of  hydration  (85  to  96 
percent  water)  requires  careful  interpretations  of  these 
results  (Geesey,  1982).  Trulear  (1983)  demonstrated  that 
the  numbers  of  cells  in  a  biofilm  remained  relatively 
constant  for  different  substrate  loading  rates.  However, 
lower  substrate  loading  rates  resulted  in  less  production  of 
EPS. 

The  role  of  EPS  in  directly  influencing  corrosion  is 
unknown.  Hypothetical  mechanisms  include: 

1.  EPS,  being  composed  of  mostly  pol yel ectrol ytes, 
acts  as  an  electron  sink  for  consumption  of 
electrons  at  the  cathode. 

2.  EPS  affects  the  formation  of  a  passive  layer  by 
creating  diffusional  resistance  to  transport  of 
chemical  species  neccessary  for  passsi vati on . 

3.  EPS  removes  corrosion  products  which  may 
include  passive  layers  as  biofilm  detachment 
occurs. 

4.  EPS  traps  corrosion  products  resulting  in 
increased  energy  losses  in  heat  transfer  or 
flow  systems  (heat  transfer  resistance  or  fluid 
frictional  resistance).  Characklis  and  Zelver 
(1983)  sliowed  that,  not  only  can  a  biofilm  trap 
corrosion  products,  but  biofilms  elsewhere 
(e.g.,  on  inert  surfaces)  can  trap  migrating  or 
mobile  corrosion  products. 

The  role  of  EPS  in  influencing  fouling  and  corrosion  of 
shipboard  heat  exchanger  condenser  tubing  wa«  studied  using 
a  Recycle  Tubular  Loop  (RTL)  constructed  to  simulate  the 
corrosion  process  in  the  laboratory  (Figure  ).-l). 

Artificial  sea  water  (1.13  percent),  trypticase  soy  broth 
and  glucose,  and  a  combination  of  known  bacteria  were  fed  to 
the  RTL.  Fouling  on  both  copper -nickel  (70:30)  and  titanium 
tubing  was  studied.  Progressions  of  frictional  resistance 
and  deposit  mass  were  nonitoreC  The  deposit  mass  was 
analyzed  for  chemical  -nd  bar  rial  content  and  visually 
inspected  by  scanning  eiw  tr..  i  microscopy.  After  removal  of 
the  fouling  deposit  on  tiie  copper-nickel  surfaces,  the 
surface  was  chemically  analyzed  using  the  Scanning  Auger 
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Mi cropr ohe. 

Progression  of  fouling  on  titanium  and  copper -ni ckel 
was  compared  in  addition  to  comparison  of  fouling  deposit 
compositons.  Results  indicate  fouling  on  the  copper-nickel 
is  due  to  both  biofilm  and  corrosion  product  embedded  in  the 
biofilm.  Incorporation  of  copper-nickel  corrosion  products 
into  the  fouling  deposit  changed  both  the  mass  and  chemistry 
of  the  deposit.  In  contrast,  fouling  on  the  titanium,  where 
no  corrosion  occured,  was  due  only  to  biofilm  formation. 

ROLE  OF  DIFFERENTIAL  AERATION  CELLS.  Localized  corrosion  on 
a  fi>etal  surface  in  aerated  aqueous  environments  is 
frequently  associated  with  differential  oxygen  concentration 
cells.  Oxygen  reduction  is  typically  the  dominant  cathodic 
process  in  aerated  aqueous  corrosion.  As  a  result,  any 
process  which  disturbs  the  uniform  transfer  of  dissolved 
oxygen  to  the  metal  surface  may  produce  areas  of 
differential  cathodic  activity. 

Deposition  of  inorganic  and  organic  material  at  a 
surface  is  a  frequent  cause  of  differential  oxygen  transfer. 
The  deposit  impedes  the  transfer  of  oxygen  resulting  in  a 
gradual  depletion  of  dissolved  oxygen  beneath  the  deposit. 

As  a  result,  the  under-deposit  area  becomes  increasingly 
anodic  (active).  The  surrounding  area  remains  cathodic,  and 
is  usually  larger  in  area  than  the  under-deposit  anodic 
area.  This  unfavorable  anode: cathode  area  ratio  (i.e.  smal 1 
anode: large  cathode)  may  result  in  high  rates  of  metal 
dissolution  and  penetration  beneath  the  deposit. 

Bacterial  colonization  can  result  in  formation  of 
aeration  cells  when  biofilms  develop  unevenly  on  the  metal 
surface  (Figure  X-2) .  Oxygen  availability  at  the  metal 
surface  covered  by  biofilm  becomes  limited  due  to  oxygen 
consumption  by  bacterial  metabolism.  Neighboring  areas, 
where  biofilms  have  not  • ormed  or  have  detached,  remain 
accessible  to  oxygen  (Olsen  and  Szybalski,  1950;  Kobrin, 

1976;  Tatnall,  19B1;  Iverson,  1981;  and  Miller,  1981). 
Greater  mass  and  fluid  shear  stress  result  in  increased 
detachment  ates  (Trulear  and  Characklis,  19B2).  Depletion 
of  oxygen  due  to  bacterial  growth  can  occur  to  such  an 
extent  that  the  biofilm  at  the  lowest  depth  (at  the 
biofilm-metal  interface)  becomes  completely  anaerobic. 
Diffusion  of  oxygen  to  the  metal  surface  is  also  dependent 
on  biofilm  mass  and  density  and  fluid  shear  stress  at  the 
biofilm  surface.  Greater  mass  and  biofilm  density  results 
in  less  oxygen  diffusion  while  greater  fluid  shear  stress 
(turbulence  at  the  surface)  promotes  oxygen  diffusion. 

ACID  PRODUCTION  BY  BACTERIA.  When  a  metal  is  in  an  acid 
environment,  electrons  combine  with  and  reduce  the 
positively  charged  free  hydrogen  ions.  Atomic  hydrogen  thus 
formed  at  the  metal  combines  to  form  hydrogen  gas  (Figure 
X-3) .  For  example,  iron  in  a  hydrochloric  acid  solution 
corrodes  by  the  following  reaction: 


Fe  +  2HC1 


FeCl  a  H: 


Figure  X-2,  Formation  of  corrosion  causing  aeration  cells 
Mhen  biofilms  develop  unevenly  on  the  metal 
surface. 


103 


H,0 


OH 


Figure  X-3.  Corrosion  caused  by  microbial  acid  production 
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In  this  case,  a  mechanism  o-f  microbially  assisted  corrosion 
IS  implied  by  the  tact  that  bacteria  produce  acids  (Burns 
et  al ,  1976;  Kobrin,  1976;  Tatnal 1 ,  1981;  Miller,  1981; 

and  Salvareeza  et  al ,  1983).  The  aci d-produci ng  bacteria 

ot  the  genus  Thi abac i 1 1  us  are  a  well— defined  group  of 
strict  autotrophs  (Miller,  1981).  These  organisms  share  the 
ability  to  oxidize  sulfur  or  several  of  its  more  reduced 
compounds  to  obtain  energy  for  fixation  of  carbon  dioxide. 
One  member  of  this  group,  Thiohacillus  ferrooxidans,  can 
oxidize  ferrous  to  ferric  iron.  The  net  result  in  all  cases 
is  production  of  highly  corrosive  sulfuric  acid  with  pH 
values  of  2  or  lower.  Thi abaci  11  us  ferrooxidans  is  known 

for  its  ability  to  leach  metal  ores  (Lundgren  and  Silver, 
1980)  and  its  association  with  acid  mine  drainage.  These 
organisms  are  frequently  found  in  natural  environments 
containing  reduced  forms  of  sulfur  or  in  association  with 
putrefactive  microorganisms  and  industrial  waste  material. 

Of  special  interest  to  the  corrosion  engineer  is  the 
association  of  Thiobacilli  with  SRB  whereby  the 
Thiobacil 1 i  utilize  the  sulfide  made  available  from 
sulfate  reduction  and  produce  corrosive  sulfuric  acid. 

In  natural  anaerobic  habitats,  acetate,  propionate  and 
butyrate  are  the  major  organic  acids  produced  during 
fermentation.  Lactate  and  succinate  may  be  produced  in 
lesser  quantities.  Acetate  is  the  strongest  of  the  above 
volatile  fatty  acids  and  thus  would  be  expected  to  exert  the 
greatest  influence  on  MAC.  Furthermore,  it  is  typically  the 
major  constituent  of  the  volatile  fatty  acid  (organic  acid) 
fraction  in  anaerobic  environments  (Hungate,  1975;  Kasper, 
and  Wuhrmann,  1978;  Lovely  and  Klug,  1982;  and  Mountfort, 
et  al . ,  1980).  Propionate  and  butyrate  play  lesser  roles 

than  acetate  since  they  are  weaker  acids  and  occur  at 
concentrati ons  several  times  lower  than  acetate. 

Other  mechanisms  of  acid  production  by  bacteria  may 
influence  corrosion  such  as  formation  of  tricarboxylic  acid 
cycle  end-products  or  by  leakage  of  tricarboxylic  acid  cycle 
intermediates  (Miller,  1981).  Although  these  acids  are 
known  to  have  the  ability  to  corrode  (Burns,  et  al . , 

1976),  the  production  of  these  acids  is  small  compared  to 
amounts  of  organic  acids  formed  during  di ssimi 1 atory 
processes.  In  addition,  the  small  concentration  of 
bacterial  cells  in  a  biofilm  indicates  the  influence  of 
organic  acid  biosynthetic  intermediates  on  pitting  and 
corrosion  of  metals  Is  probably  minor. 

SULFATE  REDUCING  BACTERIA.  Ferrous  metal  corrosion  in  the 
presence  of  SRB  is  a  problem  that  has  plagued  engineers  and 
challenged  researchers  since  it  was  identified  in  the 
1930’s.  In  1934,  von  Wolzogen  Kuhr  and  van  der  Vlugt  (cited 
in  Miller  and  Tiller,  1970)  proposed  that  SRB  accelerate 
corrosion  of  ferrous  metals  by  cathodic  depolarizati on,  that 
is,  by  removing  adsorbed  hydrogen  from  cathodic  surfaces. 

It  would  appear  to  be  relatively  simple  to  confirm  this 
theory  by  conventional  electrochemical  corrosion  techniques. 
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Con-f  1  rmat  i  on  has  been  obtained,  however,  only  -for  very 
speci-fic  combinations  o-f  SRB  species  and  experimental 
condi t i ons. 

Dne  o-f  the  -first  studies  to  conclusively  demonstrate 
cathodic  depolarisation  with  sul -fate-reducers  was  conducted 
bv  Booth  and  Tiller  (1962).  They  demonstrated  that 
depolarisation  did  occur  with  a  hydrogenase  positive  strain 
of  Desulfoi-'ihrio  i'ulgaris,  and  did  not  occur  with  a  pure 
strain  o-f  hydrogenase  negative  Besul  f  otomacul  am  orient  is . 

A  number  of  confusing  phenomena  were  noted  in  these 
experiments:  1)  depolarisation  was  observed  only  when  the 

culture  was  in  active  growth,  2)  the  stimulation  of 
corrosion  was  approximately  the  same  for  both  organisms,  3) 
a  film  of  ferrous  sulfide  formed  on  the  surface  of  the 
corrosion  samples  which  had  an  apparent  inhibitory  effect  on 
corrosion  rates,  4)  the  rates  of  corrosion  observed  in  the 
experiments  were  found  to  be  much  lower  than  corrosion  rates 
reported  for  ferrous  metals  in  natural  anaerobic 
environments  with  sulfate-reducers  present. 

A  possible  explanation  for  the  lower  observed 
experimental  corrosion  rates  is  the  relatively  low  bacterial 
activity  in  the  batch  cultures  with  low  nutrient 
concentration.  Booth,  et  al .  (1967)  tested  this 

hypothesis  by  conducting  continuous  culture  experiments  with 
SRB.  They  observed  corrosion  rates  of  approximately  1000 
Liw/y  (40  mpy)  and  an  absence  of  protective  sulfide  film 
formation.  They  noted  the  growth  of  a  bulky,  black  envelope 
of  corrosion  product  surrounding  the  metal  specimens. 

Again,  the  results  were  confusing  since  there  was  no 
apparent  correlation  between  corrosion  rate  and  hydrogenase 
activity. 

Concurrently,  Booth,  et  al .  (1967)  demonstrated  that 

ferrous  sulfide  itself  could  cause  cathodic  depolarization, 
□nee  the  ferrous  sulfide  formed,  its  depolarizing  activity 
continued,  even  in  the  absence  of  bacteria.  Booth  and 
Tiller  (1962)  had  previously  reported  experimental  evidence 
that  the  ferrous  sulfide  film  structure  is  instrumental  in 
the  corrosion  process.  In  the  presence  of  a  strain  of 
halophilic  Besal f ov i hr i o  salexigens,  cathodic 
depol ar i zati on  was  observed,  but  there  was  little 
polarization  (or  reducLion  in  the  rate)  of  the  anodic 
reaction  accompanying  formation  of  the  sulfide  film.  The 
anodic  activity  remained  high,  and  although  they  could  not 
detect  a  chemical  difference  between  that  film  and  a 
normally  protective  sulfide  film,  they  attributed  the 
difference  to  film  structure. 

Miller  (1981)  summarizes  results  of  research  on  ferrous 
metal  corrosion  by  SRB.  He  suggests  the  following  based  on 
research  by  Mara  and  Williams  (1972),  King,  et  al .  (1973), 

Smith  and  Miller  (1975),  King,  et  al .  (1976),  and  Smith 

(1980): 

Precipitated  ferrous  sulfide  may  initially 

form  a  protective  film  on  a  ferrous  metal  surface 

in  the  presence  of  sulfate  reducers.  As  the 
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bacterial  corrosion  process  continues,  the  -film 
thickens  and  changes  stoichiometr ical ly .  As  the 
ratio  o-f  Fe-  to  S”  in  the  -film  changes  -from 
a  sul-fur  de-ficient  to  a  sulfur  rich  structure,  the 
•film  becomes  less  protective  and  eventually 
spalls.  Once  spalled,  the  -film  does  not  re-form 
and  vigorous  anodic  activity  proceeds  at  the 
exposed  metal  sur-faces.  According  to  Smith  and 
Miller  (1975),  the  sul-fide  -film,  regardless  o-f 
structure,  is  cathodic  to  iron  and  the  corrosion 
process  continues  galvanically.  Smith  (1980) 
reported  that  the  sul-fide  -films  would  not  remain 
permanent  cathodes  in  the  absence  o-f  bacteria. 

The  role  o-f  the  bacteria,  he  suggests,  could  be 
either  to  depolarize  the  iron  sul-fide  enabling  it 
to  remain  cathodic,  or  to  produce  more  sulfide  by 
their  continued  growth. 

Iverson  <1981)  discounts  the  ferrous  sulfide  argument. 
He  reports  corrosion  rates  greater  than  5000  um/y  (210  mpy) 
for  mild  steel  specimens  exposed  to  filtered  media  from  an 
actively  growing  culture  of  Desul  fo<^'ibrio  (API  strain). 

The  media  after  nine  day's  incubation  was  filtered  to  remove 
bacteria  and  treated  with  excess  ferrous  ion  to  precipitate 
all  free  sulfide  ions.  Thus,  the  filtrate  contained  only 
soluble  products  from  the  original  media  and  soluble 
metabolites  from  the  growth  of  cells.  Iverson  concludes 
that  the  sulfate-reducing  bacteria  produce  an  unknown, 
highly  corrosive,  compound  in  addition  to  hydrogen  sulfide. 
The  outcome  of  the  process  appears  to  depend  on  whether 
ferrous  sulfide  forms  a  protective  film  before  the  highly 
corrosive  product  contacts  the  metal  surface. 

It  is  apparent  that  a  number  of  factors  are  involved  in 
the  process  of  ferrous  metal  corrosion  by  SRB.  As  a  result, 
measurement  and  control  of  the  process  parameters  and 
variables  will  significantly  affect  the  outcome  of 
experimental  results  from  one  experiment,  and  one 
laboratory,  to  another.  A  variety  of  possible  relevant 
factors  are  cited  by  Postgate  (1979):  1)  the  nature  of  the 
metal  surface,  2)  the  presence  or  absence  of  dissolved  iron 
and/or  organic  matter  capable  of  chelating  iron  in  the 
surrounding  water,  3)  whether  the  strain  of  bacteria  tends 
to  form  a  film  on  the  metal  itself,  4)  whether  the  iron 
sulfide  itself  forms  a  film  which  can  be  protective,  or  5) 
whether  other  ions,  such  as  Na^  and  C1-,  are  present 
which  can  influence  the  protectiveness  of  any  films  that  do 
form. 

BIOFOULING,  BIOFOULING  CONTROL,  AND  CORROSION 

Piping  systems  and  heat  transfer  surfaces  in  the  marine 
environment  are  subject  to  the  effects  of  organic  and 
inorganic  fouling.  The  detrimental  effects  of  these  fouling 
deposits  include  increased  frictional  resistance  for  fluid 
flow,  increased  heat  transfer  resistance,  and,  under  certain 
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conditions,  an  accelerating  e-f-fect  on  corrosion  o-f  some 
mater  1 al s. 

Frictional  resistance  increases  the  power  requirements 
•for  sea  water  pumping  and  reduces  delivery  capacity  o-f  the 
system.  Heat  trans-fer  resistance  results  in  a  reduction  in 
thermal  et-ficiency  o-f  heat  trans-fer  equipment  and  an 
associated  increase  in  energy  costs. 

BI0FGULIN6  CONTROL  METHODS 

Attempts  to  control  biofouling  in  marine  heat 
exchangers  af>d  piping  systems  have  met  with  varying  degrees 
of  success.  Chlorination  and,  to  a  lesser  extent,  other 
chemical  o/.idants  (ozone,  hydrogen  peroxide,  etc.)  have  been 
effectively  used  to  combat  biofouling.  Copper  alloys  have 
been  widely  used  due  to  their  inherent  "toxicity"  towards 
many  forms  of  marine  life. 

The  effectiveness  of  chlorine  in  treating  biofouling, 
including  microbial  slime  and  macrofouling  organisms  such  as 
molluscs,  barnacles,  bryozoa,  hydroids,  sponges,  and 
turn  cates,  has  been  well  established  (Marine  Research,  1976; 
Pongers  and  O'Conner,  1977). 

Clhlorine  can  be  added  directly  to  sea  water  in  the 
gaseous  form  or  generated  electrolytical ly.  The  result  in 
both  cases  is  the  formation  of  hypochlorous  acid  which  will, 
depending  on  pH,  futher  dissociate  into  hypochlorite.  The 
reaction  products  of  chlorine  are  consumed  in  sea  water  not 
only  by  the  organisms  for  which  they  are  intended,  but  also 
by  reactions  with  bromide,  nitrogen  compounds  (e.g., 
ammonia),  organic  detritus  and  metal  surfaces.  All  of  these 
factors  combined  contribute  to  the  chlorine  demand  of  the 
sea  water  system  and  determine  the  relative  effectiveness 
and  cost  of  chlorination  as  a  means  of  controlling 
biofouling. 

Numerous  researchers  have  reported  that  copper 
containing  alloys  are  toxic  to  marine  organisms  (Huguenin 
and  Ansuini,  1980;  Ritter  and  Suitor,  1976;  Nosetani  et 
al . ,  1979).  Dexter  (1974)  conducted  microfoul ing  studies 

in  warm  tropical  waters  of  the  open  ocean.  He  demonstrated 
that  a  film  50-125  urn  thick  could  form  in  less  than  a  month 
in  warm  surface  waters.  A  continuous  layer  of  diatoms  and 
bacteria  embedded  in  slime  were  observed  on  samples  of  90-10 
and  70-30  copper -nickel  (70-30)  in  sea  water  and  observed 
that  attached  organisms  produced  more  extracellular 
proteoglycan  material  on  the  titanium  surface  than  on  the 
copper-nickel.  Furthermore,  corrosion  products  on  the 
copper-nickel  surface  were  partailly  embedded  in  the  biofilm 
and  periodic  sloughing  of  the  combined  biofouling  and 
corrosion  product  film  occurred. 

CORROSION.  Sea  water  is  a  very  complex  solution  of  numerous 
salts  and  dissolved  gases  plus  suspended  silt,  living 
organisms  and  decaying  organic  matter.  The  corrosion  of 
metals  in  sea  water  is  affected  by  many  factors  including 
oxygen,  salinity,  pH,  temperature,  and  biological  activity. 
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Some  metals,  such  as  titanium,  -form  very  thin,  tightly 
adherent  protective  oxide  -films  in  sea  water  which  are 
essentially  inert.  Protective  corrosion  product  films  on 
copper  and  its  alloys,  by  comparison,  grow  much  more  slowly 
and  are  affected  significantly  by  thermohydrodynamic 
conditions. 

In  sea  water,  the  corrosion  product  on  copper-nickel 
alloys  is  predominately  CuaO  (cuprous  oxide)  irrespective 
of  alloy  composition  (North  and  Pryor,  1970).  Often,  the 
basic  chloride  atacamite  (Cua (OH) 3CI ) ,  a  bulky,  green 
nonprotecti ve  corrosion  product,  forms  overlaying  the 
CuvO  layer.  A  carbonate  salt,  malachite 
(CuCOs- Cu (OH) a) ,  may  form  competitively  with  the 
basic  chloride  salt  depending  upon  local  surface  pH  and 
total  inorganic  carbon  concentration  (Bianchi  and  Longhi, 
1973).  Temperature,  depth,  and  biological  activity  are  the 
main  factors  influencing  the  total  inorganic  carbon 
concentration  in  sea  water. 

The  CuaO  corrosion  product  is  the  adherent, 
protective  film  responsible  for  the  low  corrosion  rates 
observed  on  Cu-Ni  alloys  in  unpolluted,  aerated,  sea  water. 
According  to  Efird  and  Anderson  (1975),  the  corrosion  rate 
of  70-30  CuNi  in  flowing  sea  water  (0.6  m  s~^)  was 
approximately  2.0  urn  yr — ^  after  14  years  exposure,  but 
had  stabilized  at  that  value  after  4  years.  Efird  (1975) 
further  studied  the  relationship  between  corrosion  product 
formation  and  biofouling  resistance  of  copper  base  alloys. 
He  proposed  the  following  model  to  describe  the  process: 

1.  Initial  formation  of  a  protective  CuaO  film. 

2.  Subsequent  hydrolysis  of  CuaO  to  a  loosely 
adherent  Cu(0H)3  •  3  CuCl^  film. 

3.  Fouling  attachment  to  the  Cu(0H)2  •  3 
CuCla  film. 

4.  Removal  of  the  fouling  organisms  with  the  basic 
chloride  film  leaving  the  CuzO  intact. 

As  the  CuaO  corrosion  product  film  grows  in  sea 
water,  copper  ions  and  electrons  must  pass  through  the  film 
to  support  anodic  and  cathodic  half  reactions.  It  has  been 
shown  experimentally  (North  and  Pryor,  1970)  that  alloying 
additions  of  nickel  and  iron  to  copper  improve  corrosion 
resistance.  The  mechanism  proposed  is  the  incorporation  of 
Ni  and  Fe  ions  into  the  highly  defective  p-type  CuaO 
corrosion  product  film  as  "Doponts, "  thereby  altering  the 
defect  structure.  The  result  is  a  protective  corrosion 
product  film  possessing  relatively  low  electronic  and  ionic 
conductivity. 

The  corrosion  of  copper-nickel  alloys  in  aerated, 
unpolluted,  sea  water  is  cathodically  controlled  by  oxygen 
reduction.  Dissolved  oxygen  retards  corrosion  by  the 
promotion  of  a  protective  oxide  film  on  the  copper — nickel 
alloy  surface,  but  increases  the  rate  of  corrosion  by 
depolarizing  cathodic  sites  and  oxidizing  cuprous  ions  to 
the  more  aggressive  cupric  ions.  Other  factors,  such  as 


109 


velocity,  temperature,  salinity  and  depth  a-ftect  dissolved 
oxygen  transport  and  content  in  sea  water  thereby 
in-fluencing  the  corrosion  rate. 

Soluble  compl exes  ,o-f  cuprous  <CuCla~, 

CuCl^”)  and  cupric  (CuCl*,  CuCla®, 

CuCl3~,  Cu(C03)a-,  etc.)  ions  are 

thermodynamically  -feasible  in  seawater.  These  complexes 
form  at  rates  dependent  upon  the  available  concentration  o-f 
Clc^  and  Cu*-  ions.  Complexation  with  organic  ligands 
has  been  studied  (Compton,  1973)  and  is  hypothesized  as  a 
mechanism  -for  the  increased  corrosiity  o-f  natural  sea  water 
over  equivalent  saline  solution.  Organic  complexation  may 
be  an  important  -factor  associated  with  biological  activity 
and  may  be  critical  in  biologically  accelerated  corrosion. 

Polluted  sea  water  has  been  cited  (Gilbert,  1954)  as 
the  most  important  -factor  contributing  to  failure  of  copper 
alloy  marine  condenser  tubes.  The  primary  cause  of 
accelerated  attack  of  copper  base  alloys  in  polluted  sea 
water  is  due  to  the  presence  of  sulfide.  The  principal 
sources  of  sulfide  in  sea  wter  are  (1)  the  action  of  sulfate 
reducing  bacteria,  and  (2)  the  putrefaction  of  organic 
sulfur  compounds  resulting  in  the  formation  of  organic 
sulfides  which  can  cause  localized  corrosion  of 
copper-nickel  alloys  in  sea  water  (Bates  and  Popplewell, 

1 974 )  , 

Microbiological  fouling  of  copper — nickel  alloys  in  sea 
water  and  its  influence  on  the  corrosion  process  is  not  well 
understood  in  comparison  to  the  electrochemical  processes. 
Corrosion  scientists  and  engineers  have  studied  the  effects 
of  organically  derived  sulfide  and  sulfur  compounds,  as 
previously  mentioned,  the  effect  of  chlorination  on 
corrosion  (LaQue,  1950;  Stewart  and  LaQue,  1952) ,  and 
mechanical  biofouling  control  methods  with  and  without 
chlorination  (Lewis,  1982).  Sophisticated  surface 
analytical  techniques  such  as  x-ray  photoelectron 
spectroscopy  (XPS)  and  scanning  auger  microscopy  (SAM)  have 
been  utilized  to  study  the  development  of  inorganic  and 
biological  fouling  layers  on  copper  based  alloys  (Castle  and 
Epler,  1981). 

Most  of  these  studies  have  been  phenomenological, 
however,  and  have  not  adequately  modelled  the  mechanisms  of 
microbial  attchment  to  copper — nickel  surfaces  and  the  role 
of  mi croorgani sms  in  the  corrrosion  process.  The  following 
study  is  intended  to  identify  some  of  the  important  aspects 
of  microbial  fouling  and  mi crobi al 1 y— assi sted  corrosion  of 
copper -nickel . 

EXPERIMENTAL  METHODS. 

Ee?iycLe_Tubul_ar _Lgg9_iRTL)..  Three  parallel  recycle  tubular 
loops  (RTL)  of  the  type  shown  in  Figure  X-1  were  used  in 
this  research.  Pertinent  dimensions  and  materials  of 
construction  are  given  in  Table  X-1.  A  detailed  description 
of  the  RTL  system,  analytical  methods,  and  opertion  is 
presented  elsewhere  (Characklis  and  Zelver,  1983). 
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Table  X-1.  Pertinent  Dimensions  and  Construction  of  the 
Recycle  Tubular  Loop 
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1  otal  1  engih 

5.ir, 

!sui  .'Niea 
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Important  -features  o-f  the  RTL  include: 

Each  RTL  is  made  predominantly  o+  0.625  in  <0.0159  m) 
O.D.  heat  exchanger  tubing  with  a  wall  thickness  o-f 
0.049  in  <  0.00124  m) .  Titanium  or  70-30  copper-nickel 
tubing  was  used  depending  on  the  experimental  design. 

A  section  o-f  tubing  is  -fitted  with  ports  -for  measuring 
pressiire  drop.  A  polyvinyl  chloride  shell  encloses 
another  section  o-f  tubing  to  -form  a  heat  exchanger 
which  is  used  to  control  bulk  water  temperature  by 
removing  excess  heat  build-up  -from  pumping  -friction; 
thermo-regulator  detects  when  cooling  is  necessary  an 
opens  a  solenoid  valve  to  pass  cold  tap  water  over  the 
section  of  tubing.  A  test  section  comprised  of  10 
removable  sections  of  tubing  each  2  in  <0.051  m)  long 
is  included  for  surface  analyses  of  the  deposit  mass 
and  the  fouled  surface  <Figure  X— 4) . 

A  floM  meter  which  measures  cumulative  water  flow  is 
used  with  a  timer  to  calculate  fluid  flow  velocity. 

Water  is  recycled  through  the  RTL  by  a  centrifugal 
pump  with  a  chemically  resistant,  phenolic  head.  Fluid 
flow  rate  is  controlled  manually  by  a  ball  valve 
located  downstream  of  the  flow  meter. 

A  pH  controller  is  not  included  but  the  buffering 
capacity  of  the  aquarium  salt  maintains  pH  between  8.2 
and  8.4. 

A  glass  mixing  tank  is  used  for  housing  the 
thermo-regulator  and  for  feed  water  input. 

Es®d._Water.  Feed  water  consists  of  11,300  mg  1~‘ 
aquarium  salt  < Instant  Ocean)  for  dilution  to  which  one  or 
more  of  the  following  may  be  added: 

Trypticase  Soy  Broth  <TSB)  nutrition  for  microbial 
growth  to  give  a  nutrient  loading  rate  <Ri_)  of 
either  0.44  or  4.4  mg  m~=*  min~^. 

Bacterial  cells  from  a  fixed  film  chemostat 
inoculated  with  Pseudomonas  atl anticus , 

FI avobacter i urn,  Vibrio  algenol yticus ,  Pseudomonas 
al cal igenes  and  Desul f ovibrio.  The  chemostat  is 
continuously  fed  with  100  mg  1“‘  Trypticase  Soy 
Etroth  in  11,300  mg  1“^  salt  water  <  Instant  Ocean). 
Continuous  analysis  of  chemostat  output  for  a  7  month 
period  shows  4.77  x  10’  +  8.20  >:  10’  total  cells 
per  hour  and  3.37  x  10’  +  9.05  x  lO’  viable  cells 
per  hour  being  produced. 

Chlorine  at  a  loading  rate  of  0.44  mg  m~*  min“* 
either  continuously  or  periodically  <one  hour  every  24 
hours) . 


a  cu 
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Filtration  of  the  in-fluent  aquarium  slat  is  used  to 
minimize  microorganisms  in  some  e>:per i ments- 

0Q§iyfeica_l  ._MethQd5.  Analytical  methods  are  described  in 
detail  elsewhere  (Characklis,  and  Zelver,  19B3;  Characklis 
et  al . ,  1982) .  Important  features  of  these  methods 

i nc 1 ude: 

Sampl ing  for  bulk  water  analysis  is  directly  from  the 
mining  tank  using  a  sterile  pipet.  Surface  samples  are 
taken  from  the  removable  sample  tubes  by  scraping  the 
sample  from  the  surface  with  a  sterile  rubber  policeman 
into  a  beaker  of  sterile  distilled  water.  All  samlples 
are  homogenized  with  a  high  speed,  sharp-bl aded ,  mixer. 

Total  cell  counts  are  measured  by  the  AODC 

epi f 1 uorescence  technique  (Zimmerman  and  Meyer-Riel, 

1974) „ 

(liable  cell  counts  are  by  the  spread  plate  technique 
(APHA,  1976). 

Deposit  mass  is  measured  by  drying  the  removable 
sample  tube  for  three  hours  at  100®C  and  then 
weighing  the  tube.  The  tube  is  then  cleaned  (deposit 
mass  removed),  dried  and  weighed  again.  The  deposit 
mass  is  the  difference  between  the  dry  fouled  sample 
tube  mass  and  the  clean  tube  mass. 

Corrosion  rates  are  then  measured  from  the  difference 
between  mass  of  the  sample  tube  at  the  experiment  start 
and  the  cleaned  sample  tube  at  the  experiment  end.  The 
difference  in  mass  is  divided  by  the  exposure  time  to 
determine  a  rate  which  is  then  converted  to  units  of 
microns  per  day. 

Percent  volatile  deposit  mass  is  determined  on 
deposit  mass  scraped  from  the  inside  tube  surface. 
Volatile  mass  is  the  mass  removed  by  ignition  at 
600*’C  for  one  hour  as  described  in  Standard  Methods 
(APHA,  1976). 

Chemical  analysis  of  the  deposit  mass  was  performed 
by  atomic  absorption. 

Scanning  Pager  Micro  probe  (SAM)  measurements  were 
performed  using  the  Phi  595  Model  (Physical 
Electronics) . 

Chlorine  was  measured  by  the  amperometric  method. 
BIL_SE^C®Tign .  Table  X-2  presents  a  summary  of 
conditions  which  were  the  same  for  all  experiments. 
Conditions  which  varied  include  tube  alloy  (70-30 
copper-nickel  or  titanium),  substrate  loading  rate 
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Table  X-2.  Summary  o-f  Conditions  which  were  Identical  tor 
All  Experiments 


Volumetric  Feed  Rate 
Hydraulic  Retention  Time 
Water  Temperature 
pH 

Fluid  Flow  Velocity* 
Fluid  Shear  Stress** 


1.9  X  10  ^  (m^  min  * ) 
90  (min) 

30  (“O 

8.2  -  8.4 

5400  (m  min  *  ) 

3.0  (N  m~^  ) 


*Fluid  flow  velocity  was  held  constant  during  experiments 
EXO-1  through  EXO-2.  Fluid  shear  stress  or  pressure  drop 
was  allowed  to  increase. 

**Fluid  shear  stress  was  held  constant  during  experiments 
EXl-1  through  EX6-3.  Fluid  flow  velocity  was  allowed  to 
decrease . 
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(0.44  or  4.4  mg  TBB  m  =  min  ,  and  treataent 

(chi  or  i  nat  i  on  ,  -filtration,  or  none). 

RESULTS 

GQrilC.Q.L-.E>l&er Lments.  Experiments  where  no  biocide  has  been 
added  are  re-f erred  to  as  control  experiments.  Controls  have 
been  conducted  to  observe  the  natural  progression  of  fouling 
on  the  condenser  tube  surface.  Figure  X-5  shows  the 
progression  of  fouling  for  the  titanium  control  experiments 
as  indicated  by  change  in  Fouling  Deposit  Mass  (Mo). 

Change  in  Mo  for  substrate  loadings  (Ru)  of  both  0.44 

and  4.4  mg  TBB  m~=  min'*-  are  indicated.  Note,  the 

rate  increase  in  Mo  at  Rl.  =  4.4  mg  m-=  min-»  is 

approx i matel y  three  times  the  fouling  rate  increase  at  Ru 

=  0.44  mg  m~=  min“^.  The  progression  of  Mo  is 

indicated  as  linear  since  data  are  presently  not  available 

to  jusitify  a  more  sophisticated  analysis.  Presumably,  as 

suggested  by  other  worf:  (Characklis,  1980,  Mo  reaches  a 

plateau  level  at  some  point  in  time.  However,  for  the 

initial  stages  of  fouling,  and  for  comparison,  the  liner 

regression  analysis  is  sufficient. 

Figure  X--6  shows  the  progression  of  Mo  with  time  on 
copper-nickel  tubing  for  the  two  substrate  loadings.  In 
this  case,  there  is  no  significant  difference  between  the 
substrate  loadings. 

Figure  X-7  shows  the  progression  of  fouling  on 
copper-ni ckel  and  titanium  tubing  as  indicated  by  change  in 
Volatile  Deposit  Mass  (Mvo) -  The  rate  increases  in 
Mvo  are  calculated  by  multiplying  the  rate  increases  in 
Mt>  by  the  average  percent  volatile  mass.  At  Rl  =  0.44 
mg  m“=  min“^,  the  rate  increases  in  Mvo  for 

copper-ni ckel  and  titanium  show  no  significant  difference. 
However,  at  Rl  =  4.4  mg  m-=  min"^,  Mvo 

accumulates  approximately  four  times  faster  on  the  titanium 
surface  compared  to  the  copper -nickel  surface. 

Measurements  of  Corrosion  Loss  (Cl)  for  all  control 
experiments  are  summarized  in  Table  X-3.  Cl  is  zero  on 
the  titanium  tubing  and  averages  33  microns  per  year  for 
copper-nickel  at  Rl  =  0.44  mg  m"*  min“^.  Average 
Cl  at  the  higher  substrate  loading  (R'l  =  4.4  mg  m~® 
min“^)  is  approximately  half  that  at  the  lower  substrate 
1 oarii ng . 

l!!l.C.Col5.i§k_Qf.LL...Gount5.  Total  microbial  cell  counts  on  the 
copper-nickel  and  titanium  surfaces,  for  all  control 
experiments  combined,  show  no  significant  difference  between 
the  two  alloys  (Figure  X-8) .  Table  X-4  summarizes  all  total 
and  viable  microbial  cell  counts  taken  for  control 
copper-ni ckel  and  titanium  experiments.  No  significant 
difference  in  cell  counts  between  the  two  alloys  is  observed 
for  measurements  taken  from  either  the  tube  surface  of  the 
bulk  water. 

§C.?0.Qi.Qa  9be . 


Scanning  Auger  Microprobe  (SAM) 
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Figure  X-5.  Progression  o+  total  touling  deposit  mass  tor 
titanium  experiments. 


FOULING  DEPOSIT  ON  CU-Nl  (g  m'^) 
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Figure  X-6.  Progression  o-f  total  fouling  deposit  mass  for 
copper-nickel , 
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TIME  (days) 


Figure  X'-?.  Progression  oF  volatile  deposit  mass. 


119 


Table  X-3.  Corrosion  Loss  and  Volatile  Deposit  Mass  -for  All  Control 
Copper-Nickel  and  Titanium  Experiment^ _ _ 


Alloy 

Substrate 
Loading 
(mg  m~=2  min"*-) 

Corrosion* 

Loss 

(urn  yr“^) 

Volati  le* 

Deposit  Mass 
(percent ) 

CuNi 

0.  44 

33  ±  6(14) 

28+9(5) 

Ti 

0.  44 

0  +  0(2) 

76+9(2) 

CuNi 

4.4 

16  ±  9(4) 

13  ( 1 ) 

Ti 

4.4 

— 

28+11 (2) 

♦Values  given  are  mean  +  one  standard  deviation  with  the  number 
samples  given  in  parentheses. 
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TIME  (days) 


Figure  X-8.  Progression  in  numbers  o-f  total  microbial  cells 
<EP1)  in  the  deposit  -for  all  copper-nickel  and 
titanium  control  experiments. 
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Table  X-4. 


Viable  and  Total  Cell  Counts  in  the  Bulk  Water  and  in  the 


Sample 

Bui  k 

Water  Cells 

Attached 

Cells 

(alloy) 

( 10*' 

cells  hr“*^)* 

(10*  cells 

cm~*) 

STP 

EPI 

STP 

EPI 

CuNi 

2.0+2.2(26) 

4.4+4.3(28) 

0.4+0.32(5) 

1. 1+0.8(13) 

Ti 

1.6+1.6(12) 

4.0+6. 1 (16) 

3. 9+6. 9(4) 

bj 

+1 

bi 

Note.  Values  given  are  the  mean  +  one  standard  deviation  with  the 
number  o-f  samples  given  in  parentheses. 

STP:  standard  plate  count  (viable  cells) 

EPi:  AODC  by  epi -fluorescence  (total  cells) 

*;  Number  of  cells  exiting  the  reactor  per  hour  in  the  bulk  water  -flow 
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measur ements  on  sample  tubes  removed  at  the  end  o-f  each 
experiment  are  summarized  in  Table  X-5.  The  values  are 
weight  percent  o-f  each  element  -for  the  overall  sur-face 
analyzed.  Figure  X-9  shows  the  relationship  between  weight 
percent  oxygen  and  the  amount  o-f  volatile  mass  removed  -from 
the  sample  tube  be-fore  the  SAM  measurement.  Note,  more 
oxygen  is  -found  on  the  metal  sur-faces  containing  greater 
attached  volatile  mass. 

Qtie(nLE®L_Anal ysi.s _of__Deg.osi ts.  An  analysis  o-f  elements 
-found  within  the  deposit  is  presented  in  Table  X-6.  Weight, 
percent  of  iron,  and  copper  are  measured  on  control 
copper -ni ckel  sample  and  a  control  titanium  sample.  In 
addition,  a  sample  of  tygon  tubing  which  connects 
copper-nickel  tubing  of  the  RTL  to  the  glass  tank,  is 
analyzed  to  determine  if  any  material  from  the  copper-nickel 
is  deposited  elsewhere  in  the  system.  Results  show 
considerably  more  copper  in  the  deposit  from  the 
copper-nickel  tube  compared  to  the  titanium  <59  percent  for 
CuNi  versus  1.6  percent  for  the  Ti).  Weight  percent  iron 
changed  little.  A  considerable  amount  of  copper  is  found  on 
the  tygon  section.  Visual  observation  indicated  a  green 
tint  to  all  deposits  found  in  the  RTL  with  copper-nickel 
tubing. 

Fi_]^tr at i.on_of _I.n-f l_uent _Water .  In  these  experiments,  the 
influent  water  is  filtered  and  no  substrate  or  bacteria  is 
fed  to  the  RTL.  These  experiments  are  designed  to  compare 
corrrosion  and  fouling  with  and  without  bacteria. 
Contamination  of  the  RTL  occurred  regardless  of  efforts  to 
maintain  aseptic  conditions.  However,  the  organism  levels 
remain  approximately  an  order  of  magnitude  less  on  the 
"filtered"  RTL  surface  compared  to  the  control  RTL  (Table 
X-7) .  Note,  no  difference  in  corrosion  rate  of  the 
copper-nickel  is  observed  between  the  filtered  and  control 
experi ments. 

QtlLQCLQiltLQQ_Ql_lQlLy®Qt_y3ter .  Chlorine  was  added  to  the 
influent  water  at  a  loading  rate  of  4.4  mg  m~=*  min“^ 
both  continuously  and  periodically  for  an  hour  every  24 
itours.  Figure  X-10  indicates  the  chlorine  demand  of  the 
copper-nickel  tubing.  This  experiment  was  conducted  as  a 
batch  test  to  observe  the  reaction  of  chlorine  with 
copper-nickel  tubing.  Free  chlorine  (20  mg  1~^)  was 
added  to  one  liter  of  stirred  solution.  The  amount  of 
copper-nickel  tubing  added  resulted  in  the  same  surface  area 
to  volume  ratio  as  in  the  RTL.  Chlorine  in  the  distilled 
water  drops  to  approximately  13  mg  1~*  in  the  first  100 
minutes  and  then  remains  constant.  The  chlorine  exposed  to 
the  copper-nickel  drops  rapidly  and,  at  300  minutes,  is  no 
longer  measurable.  Combined  chlorine  in  both  solutions  was 
always  zero. 

Table  X-8  compares  results  of  the  chlorine  experiments 
to  corresponding  control  experiments.  The  periodic 
chlorination  of  titanium  is  ineffective  in  reducing 
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Table  X-5.  Scanning  Auger  Microprobe  Analyses  o-f  Elements  on 
Copper-Nickel  Surface  After  Removal  of  Fouling  Deposit  Mass 


Cu 

Fe 

Mn 

0 

N 

Ca 

C 

S 

Control 

49.7 

34.4 

2.4 

0.7 

8.4 

0.3 

0.4 

1.1 

2.4 

0.6 

Filtered 

43.8 

34.5 

0.8 

1.8 

10.7 

0.4 

0.5 

2.8 

3.3 

0.3 

Chlorinated 

75.0 

12.3 

2.1 

1.1 

5.2 

0.2 

0.6 

1.4 

1.1 

0.3 

New  CuNi 

67.6 

26.5 

1.2 

1.6 

0.9 

0.4 

0.6 

1.0 

2.7 

0.5 
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VOLATILE  DEPOSIT  MASS, 


Figure  X-9.  Relationship  between  weight  percent  oxygen  on 
the  copper — nickel  sur-face  and  the  amount  o+ 
volatile  depeoit  mass  removed  from  the  surface 
before  auger  analysis. 
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Table  X-6.  Atomic  Absorption  Analyses  o-f  Iron  and  Copper  Within  the 
Fouling  Deposit  Mass 


Exposure  Time 

Sample 

(days) 

Condition 

CuNi 

22 

Control 

Tygon 

22 

Control 

Percent  o-f  Total  Deposit  Mass 

_ Iron _ Copper 

0.94  46 

0.  16  13 


Control 


3.2 


1.3 


126 


•o 

c 

(0 

01 

m 

It 


in 

□ 

a 

(U 

Q 


c 
m 
e 

k 

m 
a 

X 

u 

c  "O 

(U  01 


<8 

0 


u 

L 

01 

a 


r-  a 

to 

U)  V 

0  c 

_J  « 


c 

0 


Ifl 
0 
1. 

L. 

0 

1. 

o 

tn 

I" 

^  tn 

ii  ^ 

01 

!5  Q 

0 

O-  H. 

So 


O' 


m 


3 

O 

a 


« 

c 

<t 


i- 

X  ja 
1- 


-1  T 
H  ^ 

(/)  a> 

u 


1 

in 

y-. 

6 

«n 

i/'. 

on 

r  1 

O 

p 

o 

p 

—  1 

d 

r-* 

iX 

o 

i 

•fi 

’¥\ 

•fi 

<H 

r-  ] 

<n 

VO 

in 

in 

o  ^ 

1 

00 

r-i 

5  o.S' 

O  o  ' 

>  o 


c  ^ 

.2  v«r 

</i  *“ 

o  o  >> 


o 

U 


c 

3 


sr 

, ,  \ 

'on  C 
O 

Q.  w 

O 

Q 


•o 

c 

o 

O 


7  ^  </) 
O  §  ^ 

S'HS 


o* 

S  — 

/A 

CO 


O 

00  On 


«/-»  ^ 


^  w 

—  Cn 

+l  t-. 

tT  O 


sD 


CU 

c 

c 

4> 

> 

U) 


•W'' 

^  00 

vC  m 
+1  +* 
TT  p 

f^i  oi 


oc 

\  ^ 


W  ^  V  ^ 


c  ^ 
O 


in  r** 
Tf  m 


0  H 


-o 

-o 

i. 
« 
•T3 
C 
« 
v>  : 
4> 
C 

o 

♦I 

c  • 

c3 

1> 

E 

4> 

j:: 

4> 

w 

«« 

C  ‘ 

V 

> 

'S> 


a> 

o 


X-X  4> 

w 

f- 

O  u. 

o 

O 
a  Ok 

o. 


o 

3 

c 


^  >» 

•s  ^ 

•g  ^ 

V  C  ^ 

3^0 

"a  trt 

>  .. 

.  a. 

e.»  }—  CU 

CO  LU 

* 

» 


O 


FREE  CHLORINE  (mg  r') 


127 


Figure  X-IO.  Free  chlorine  versus  time  For  one  liter 

distilled  water  with  and  without  submerged 
copper -ni ckel  samples. 
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acLimulation  o-f  deposit  mass.  However,  continuous 
chlorination  ot  titanium  reduces  Mo  at  37  days  -from  22  g 
to  4.5  g  .  Sur-face  cell  numbers  are  reduced  on 
the  titariium  sur-faces  exposed  to  both  continuous  and 
periodic  chlorination.  No  signiticant  di-f-ference  in  cell 
numbers  is  observed  in  the  bulk  water  organisms.  Only 
continuous  chlorination  is  applied  on  the  copper-nickel  RTL. 
fhe  results  show  no  significant  difference  in  deposit  mass, 
corrosion  rate,  or  in  surface  and  bulk  water  organisms. 

DISCttSSION.  The  results  of  this  study  do  not  justify  the 
development  of  a  new  theory  for  mi crobi al 1 y-medi ated 
.  or-nsion  in  Cu-Ni  alloys.  However,  the  results  are  useful 
i-O"'  proposing  a  model  to  describe  the  process  which  may 
serve  as  a  iiypothesis  for  further  experimentation. 

^ -Model  .  The  processes  of  major  concern  in  this 
experimental  system  are  corrosion  of  the  metal  surface  and 
nccumu I  at  1  on  of  fouling  biofilm  deposit.  The  processes 
occur  simultaneously  and  interact  with  each  other.  Figure 
X-11  is  a  schematic  representat i on  of  the  individual 
processes  contributing  to  the  corrosion  and  fouling 
processes.  Table  .X-9  identifies  each  of  the  processes 
desionated  by  a  number  in  Figure  X-ll. 

Initially,  the  metal  surface  is  exposed  to  water 
containing  substrate  (an  energy  source  for  microbial 
growth),  biomass  (microbial  cells),  and  dissolved  oxygen. 

The  corrosion  process  begins  with  the  transport  and  reaction 
of  oxygen  at  the  metal  surface  (F'rocess  no.  1)  which  forms  a 
protective  oxide  layer  of  insoluble  corrosion  products  on 
the  metal  surface  (Process  no.  2).  The  events  leading  to 
corrosion  of  Cu-Ni  alloys  and  the  resulting  composition  of 
the  surface  oxide  layer  is  complex  and  has  been  mentioned 
briefly  in  an  earlier  section.  Random  detachment  and 
attachment  of  the  insoluble  corrosion  products  from  the 
metal  surface  may  occur  due  to  the  fluid  motion  and 
resulting  shear  stress  (Processes  no.  4  and  no.  5),  The 
detachment  of  insoluble  corrosion  products  may  initiate  pit 
growth  in  the  metal  surface  due  to  electrochemical  corrosion 
(Process  no.  3).  Soluble  corrosion  products  also  diffuse 
into  the  bulk  fluid  (Process  no.  13).  The  microbial  cells 
(biomass)  entering  the  system  are  suspended  in  the  bulk. 
fluid  and  consume  substrate  (F'rocess  no.  B)  and  dissolved 
oxygen  (Process  no.  9)  resulting  in  cellular  growth  and 
reproduct i on .  Some  fraction  of  the  suspended 
microorganisms  attach  to  the  metal  surface  (Process  no.  11) 
and  continue  to  consume  substrate  (Process  no.  7)  and 
dissolved  oxygen  (Process  no.  10)  resulting  in  growth  and 
reproduction  within  the  fouling  deposit.  The  attached  cells 
also  produce  extracel lul ar  polymers  which  further  enhance 
attachment  and  adsorption  of  more  cells,  corrosion  products, 
and  other  debris.  The  combined  cellular  and  extracellular 
niass  is  termed  the  biofilm.  A  portion  of  the  detached 
insoluble  corrosion  products  become  entrapped  in  the  biofilm 
(Process  no.  6).  The  biofilm  continues  to  increase  in 


mi  cr  obi  al  1 V 
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Table  X-9.  Explanation  of  Process  Terms  Used  in  Corrosion 
Model 


1 )  Dissolved  oyxgcn  removal  by  metal  surface 

2)  Corrosion  product  formation 

3}  Soluble  corrosion  product  dctacbmcnt  from  metal  surface 

4)  Insoluble  corrosion  product  detachment  from  metal  surface 

5)  Insoluble  corrosion  product  attachment  to  metal  surface 

6)  Insoluble  corrosion  product  attachment  to  biofilm 

7)  Substrate  removal  by  biofilm 

8)  Substrate  removal  by  suspended  biomass 

9)  Dissolved  oxygen  removal  by  suspended  biomass 

10)  Dissolved  oxygen  removal  by  biofilm 

1 1 )  Suspended  biomass  attachment  to  biofilm 

12)  Biofilm  and  insoluble  corrosion  product  detachment  from  metal  surface 

13)  Soluble  corrosion  product  diffusion  through  biofilm 

14)  Anaerobic  corrosion  product  formation 
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density  and  thickness  until  -fluid  shear  stress  causes 
partial  detachment  (Process  no.  12).  Insoluble  corrosion 
products  may  also  detach  with  the  biofilm  (Process  no.  12) 
thus  leaving  the  metal  surface  more  susceptible  to  corrosion 
processes.  Soluble  corrosion  products  are  able  to  diffuse 
directly  out  of  the  biofilm  and  enter  the  bulk  fluid.  After 
the  biofilm  has  reached  a  certain  thickness,  anaerobic 
conditions  form  in  the  lower  layers.  These  conditions  are 
favorable  for  proliferation  of  sulfate-reducers  which  form 
sulfide  and  may  lead  to  accelerated  corrosion  (Process  no. 

14)  . 

A  mathematical  model  has  been  developed  to  simulate 
this  system  and  is  presently  being  tested.  The  equations 
are  an  approximation  of  the  processes  occurring  in  the 
system.  The  initial  calculations  can  serve  to  identify  the 
dominate  processes  or  rate-control  1 1 ng  processes.  The 
results  can  be  used  to  formulate  hypotheses  for  experimental 
testing  and  for  experimental  design. 

Xq f  Luen c  e  _  of  _Sub st r  a t e  _Loa d  _9Q -fisfiOllLt Led  •  The 

accumulation  of  fouling  deposit  on  a  condenser  tube  surface 
is  the  net  result  of  production  and  depletion  processes. 
Prominent  among  the  production  processes  are  microbial 
metabolic  processes  and  adsorption.  Detachment  or 
sloughing  of  deposit  is  perhaps  the  most  important  depletion 
process.  Detachment  may  be  quite  importstnt  in  explaining 
behavior  in  Cu-Ni  alloys  which  are  continuously  releasing 
corrosion  products  into  the  bulk  water. 

An  increase  in  substrate  loading  rate,  Ri_, 
significantly  increased  the  amount  of  deposit  accumulating 
on  the  titanium  alloy  as  indicated  in  Figure  X-5.  The 
volatile  fraction  of  the  deposit  (organic  component, 
including  microbial  cells,  plus  carbonates),  however, 
decreased  with  increasing  Ru.  (Table  X-3)  .  The  results 
suggest  that  at  higher  loading  rates,  dissolved  oxygen  was 
depleted  in  the  lower  layers  of  the  biofilm  and  anaerobic 
microenvironments  existed.  Anaerobic  mtabolism  generally 
results  in  a  lower  volatile  solids  content. 

Ri_  had  no  effect  on  total  deposit  accumulation  on 
the  Cu-Ni  alloy  (Figure  X-6) .  The  volatile  content  of  the 
deposit  in  the  Cu-Ni  was  higher  at  the  lower  Ri_  as 
observed  in  the  Ti  alloy.  The  volatile  deposit  mass  was 
significantly  lower  in  the  Cu-Ni  as  compared  to  the  Ti  tube 
at  the  high  substrate  loading  (Figure  X-7) .  At  low 
substrate  loading,  volatile  deposit  mass  was  essentially  the 
same  in  both  alloys.  The  relative  ratio  of 

vol ati 1 e-to-total  solids  in  the  two  alloys  is  predominantly 
influenced  by  the  corrosion  products  observed  in  the  Cu-Ni 
fouling  deposits.  The  lower  volatile  deposit  mass  on  the 
Cu-Ni  is  not  easy  to  rationalize.  One  possibility  is  that 
the  microorganisms’  metabolism  is  altered  by  the  Cu  or  Ni  in 
the  deposit,  e.g.,  the  organisms’  extracellular  polymer 
substance  (EPS)  producion  may  be  influenced  by  the  presence 
of  Cu. 

The  total  and  viable  number  of  microbial  cells  in  the 
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deposit  varied  little  between  experiments  or  between  alloys 
'^Figure  X-B)  .  These  preliminary  results  suggest  that  Cu-Ni 
alloys  are  not  very  "toxic"  to  mi croorgani sms  (in  contrasts 
to  macroorganisms).  On  the  other  hand,  Cu-Ni  may  in-fluence 
certain  microbiological  metabolic  functions. 

The  influence  of  substrate  loading  rate  on  deposition 
can  be  summarized  as  follows: 

■  Deposit  mass  increases  with  increasing  Rl.  in  the 
Ti  alloy  because  more  nutrients  are  available  for 
microbial  metabolism  (Figure  X-5)  . 

•  Deposit  mass  in  the  Cu-Ni  alloy  does  not  increase 
with  Rl.  (Figure  X-6)  because  much  of  the  deposit 
consists  of  corrosion  products  as  evidenced  by  the  low 
deposit  volatile  fraction  as  compared  to  the  Ti  alloy. 

-  The  change  in  deposit  volatile  fraction  with 
different  substrate  loading  rates  may  be  due  to 
increases  in  extracellular  polymer  substances  (EPS) 
since  cell  numbers  did  not  change. 

■  At  higher  Ri_,  dissolved  oxygen  may  not  penetrate 

the  entire  depth  of  the  biofilm  resulting  in  anaerobic 
microbial  activity  in  the  lower  layers.  Anaerobic 
biofilms  generally  exhibit  loer  volatile  solids  content 
(Metcalf  and  Eddy,  1972). 

The  hypothesis  regarding  oxygen  is  apparently 
contradicted  by  results  of  the  scanning  auger  Microprobe 
(Table  X-5)  which  indicated  elevated  oxygen  contents  on  the 
metal  surface  with  increasing  deposit  mass  (Figure  X-9) . 
However,  the  oxide  layer  on  the  alloy  most  probably  forms 
early  in  the  experiment  prior  to  biofilm  formation, 
consequently,  the  oxide  layer  may  determine  the  amount  of 
taiofilm  deposit  which  forms  (Figure  X-9).  Metal  oxides  vary 
in  the  degree  to  which  they  affect  microbial  processes  and 
may  not  be  nearly  as  active  as  the  pure  metal.  Therefore, 
the  oxidized  Cu-Ni  surface,  although  not  "toxic,"  may 
provide  an  "inhospitable"  surface  for  the  microorganisms. 

Increased  Ri_  resulted  in  decreased  corrosion  rates 
in  the  Cu-Ni  alloy  (Table  X-3) .  However,  the  influence  of 
Ru  on  corrosion  is  most  probably  an  indirect  effect.  The 
influence  of  the  deposit  mass  and  its  constituents  (volatile 
mass  and  microorganisms)  on  corrosion,  however,  is  probably 
more  consequential  and  is  discussed  below. 

I. n f  1  uen c  e _gf  _Depgs i.t  _Mass  _gn  _Cgr r  gs i.gn  _Rat e  _gf  _Cu-N i. . 
Increasing  R,.  has  no  effect  on  deposit  mass  in  the  Cu-Ni 
alloy  but  decreases  the  volatile  content  of  the  deposit. 

This  IS  related  to  the  fact  that  more  corrosion  occurs  at 
low  loading  rates  (Table  X-3)  and  a  significant  portion  of 
the  deposit  consists  of  corrosion  products  (Table  X-6). 

Since  total  and  viable  cell  numbers  are  relatively  constant, 
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several  alternative  hypotheses  are  advanced  to  expalin  the 
increased  corrosion  rate  at  low  Rl; 

■  At  low  Ru,  microbial  cells  produce  more  EPS 
(Trulear,  1982)  and,  thereby,  increase  the  deposit 
volatile  content  although  the  deposit  cell  numbers 
remain  relatively  constant.  The  EPS,  composed 
essentially  o-f  polyelectrolytes,  acts  as  an  electron 
source  or  sink  to  perpetuate  or  accelerate  corrosion. 

■  At  higher  R|_,  a  significantly  lower  dissolved 
oxygen  flux  reaches  the  Cu-Ni  surface  (as  a  result  of 
microbial  activity)  thus  reducing  corrosion  rate. 

■  At  higher  Ri_,  metabolism  of  the  deposit 
microorganisms  changes  in  some  other  unknown  manner 
resulting  in  decreased  corrosion  rate. 

More  experiments  are  necessary  to  reproduce  and 
convincingly  explain  the  increased  corrosion  rate  of  Cu-Ni 
at  lower  substrate  loading  rate.  The  precision  and  accuracy 
of  total  and  viable  cell  enumeration  must  be  improved  to 
quantitatively  prove  any  mechanism.  Experiments  with 
monocultures  or  defined  microbial  communitites  may  be 
necessary  to  improve  such  mesurements. 

lQlLygQ.£e_gf  _Mi.crobi.al _ Cel.L_yy<nbers_on_Cgrrgsi.Qn_Rate_gf 

QU“b}L"  The  experiment  conducted  with  filtered  sea  water  may 
help  reduce  the  choices  among  hypotheses.  The  filtered  sea 
water  contained  no  microorganisms  nor  any  trypticase  soy 
broth  <TSB)  as  a  microbial  energy  source.  Thus,  any 
organisms  in  the  system  were  biological  contaminants  which 
grew  on  chemical  contaminants  in  the  artificial  sea  water  or 
dilution  water.  The  result  was  a  deposit  with  dramatically 
lower  viable  cell  counts  and  significantly  lower  total  cell 
counts  (Table  X-7) .  Despite  the  reduced  number  of 
microorganisms  in  the  deposit,  no  difference  in  corrosion 
rate  was  observed.  Several  explanations  for  these 
observations  are  possible  including  the  following: 

-  The  number  of  microorganisms  in  the  deposit  does  not 
influence  corrosion  rate. 

■  The  dissolved  oxygen  concentration  in  the  filtered 
experiment  was  much  higher  and  increased  corrosion  rate 
enough  to  cancel  any  effect  due  to  decreased  level  of 
microbial  activity. 

•  The  deposit  organisms  in  the  filtered  experiment 
were  significantly  different  from  those  in  other 
experiments. 

■  The  absence  of  organic  substrate  increased  corrosion 
rate  in  the  filtered  experiment  as  much  as 
microorganism  increased  corrosion  rate  in  the  control 
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experiments. 

!2si.§£b0§Qfe_9.f  _fet2®_EQyliD9_B§BQlit_and_CQrrgsi  gn_Rate_in 
Syzbli-  model  -for  microbial  ly-mediated  corrosion 

described  above  includes  a  term  -for  detachment  of  fouling 
biofilm  deposit  from  the  tube  surface.  This  process  may 
influence  corrosion  rate  substantially.  When  a  portion  (or 
a  "patch")  of  deposit  detaches,  the  metal  surface  left 
exposed  will  be  subject  to  a  considerably  different 
mi croenvi ronment  from  the  bare  metal  (i.e.,  metal  surface 
with  little  or  no  deposit).  As  a  consequence,  a 
differential  electrolytic  cell  may  form  increasing  the 
potential  for  localized  corrosion. 

GhISCi.Qg_l9gstment_and_Cgrrgsign_gf_Cu-Ni_All.gys.  Chlorine 
IS  a  very  reactive  compound  and,  hence,  an  effective 
bacter  i  c  1  rie.  Chlorine  is  a  strong  oxidant  which  oxidizes 
many  organic  compounds  and  is  known  to  depolymerize  polymers 
of  microbial  origin  (Characklis  and  Dydek,  1976). 

Therefore,  chlorine  has  been  used  as  an  anti -mi crobi al 
fouling  treatment  for  many  years.  Recently,  environmental 
concerns  have  encourgaed  searches  for  new,  effective,  yet 
environmentally  safe,  treatments.  Nevertheless,  chlorine  is 
still  widely  used  as  a  cooling  water  treatment. 

Because  of  its  reactive  nature,  chlorine  treatment  is 
frequently  ineffective  because  it  is  consumed  in  undesirable 
side  reactions,  i.e.,  "Chlorine  demand"  reactions.  usually, 
the  chlorine  demand  is  due  to  reduced  inorganic  compounds  or 
organic  compounds  in  the  cooling  water.  However,  Cu-Ni 
alloys  also  present  a  chlorine  demand. 

This  study  was  conducted  in  artificial  sea  water.  When 
chlorine  is  added  to  sea  water  containing  bromide  ion,  the 
bromide  is  rapidly  oxidized  to  bromine  and  the  chlorine 
reduced  to  chloride.  The  chemistry  of  the  reaction  has  been 
described  elsewhere.  As  a  result,  and  because  no 
distinction  was  made  between  chlorine  and  bromine  in  our 
measurements,  the  combined  chlorine  and  bromine  will  be 
referred  to  as  "halogen"  below. 

Halogen  demand.  Figure  X-9  presents  data  from  a 
halogen  demand  experiment.  The  results  clearly  indicate  a 
high  halogen  demand  for  the  Cu-Ni  tube  section.  A  halogen 
residual  was  never  observed  in  the  chlorination  experiments 
as  a  result  of  the  halogen  demand  presented  by  the  metal 
tube,  the  sea  water,  and  the  trypticase  soy  broth. 

Influence  of  halogen  on  deposit  mass.  Halogen 
treatment,  in  general  reduced  deposit  accumulation.  The 
more  dramatic  effect  was  observed  in  the  Ti  tubes.  Halogen 
treatment  had  little  effect  on  deposit  mass  in  the  Cu-Ni 
tube  nor  did  it  influence  microbial  cell  counts  in  the 
deposit  or  in  the  bulk  water.  The  high  halogen  demand  of 
the  Cu-Ni  tube  surface  area,  TSB,  and  the  artificial  sea 
water  resulted  in  no  measurable  halogen  residual  and,  hence, 
partially  explains  the  negligible  effect  of  halogen  on  the 
accumulation  of  fouling  deposit. 

In  the  Ti  tubes,  the  influence  of  halogen  on  total 
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deposit  mass  was  much  more  dramatic  tor  at  least  two 
r easons; 

1.  The  deposit  mass  in  the  Ti  tubes  contained 
si  gni  1 1  cantl  y  greater  amounts  o-f  volatile 
components,  i.e.,  microbial  mass. 

2.  The  Ti  tube  had  little,  if  any,  halogen  demand. 

Total  and  viable  cell  numbers  in  the  deposit  as  well  as 
in  the  bulk  water  were  reduced  significantly  in  the  Ti 
system  as  a  result  of  halogen  treatment.  The  lack  of 
halogen  demand  at  the  tube  surface  may  influence  the 
bactericidal  nature  of  the  halogen  as  compared  to  its  effect 
in  the  Cu-Ni  system.  However,  the  influence  of  the  Cu-Ni 
corrosion  products  trapped  in  the  deposit  may  have  also 
influenced  the  reactivity  of  the  halogen. 

Influence  of  halogen  treatment  on  corrosion  rate  in 
Cu-Ni.  Table  X-a  indicates  no  significant  effect  of 
halogen  treatment  on  corrosion  rate  of  Cu-Ni.  If  halogen 
had  significant  contact  with  the  Cu-Ni  surface,  considerable 
corrosion  would  be  eiipected  due  to  its  high  halogen  demand. 
Since  no  significant  corrosion  was  observed,  chlorine  may 
have  been  consumed  in  undesirable  side  reactions  and  may  not 
have  been  penetrating  the  fouling  deposit  to  the  Cu-Ni 
surface.  Additionally,  Cu-Ni  may  serve  as  a  catalyst  for 
halogen  reduction  and,  if  so,  little  corrosion  would  occur 
as  a  result  of  a  halogen  reduction.  More  experiments  are 
necessary  to  determine  if  a  higher  halogen  loading  rate 
would  reduce  fouling  but,  at  the  same  time,  increase 
corrosion  rate. 

SUMMARY.  A  conceptual  model  has  been  proposed  to  describe 
the  interrelationship  between  biofouling  and  corrosion  in  a 
Cu-Ni  alloy.  Laboratory  results  have  been  presented  which 
are  consistent  with  the  proposed  model.  The  experimental 
results  suggest  several  mechanistic  hypotheses  requiring 
further  experimental  testing  which  is  currently  underway. 
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X  I .  B  I OFOUL ING_CONIRgL 

All  practical  methods  for  controlling  fouling  bio-films 
or,  for  that  matter,  any  other  type  o-f  fouling,  must  operate 
under  the  following  constraints: 

1)  Economics 

2)  Mate?rial  limitations 

3)  Environmental  iind  health  consi  d£3r  at  i  ons 

4)  Process  limitations 

Consequently,  there  may  be  eis  many  fouling  control 
strategies  as  there  are  fouling  situations. 

FUNDAMENTAL  FOULING  PROCESSES 


A  useful  way  to  lool'  at  biofouling  control  is  to  see 
how  various  priictical  methods  affect  fouling  biofilms. 
Fouling  in  general  ci  n  be  understood  in  terms  of  the? 
follijwing  sequence  of  fundamentiil  processes: 


1)  Transport  of  material  to  the  fouling  surface 

2.1  Attchment  or  adsorption  of  material  to  the  surface 

3)  Reaction  and  accumulation  of  deposit  at  the  surface 

4)  Detachment  or  sloughing  of  deposit  from  the  surface 

This  same  sequence  applies  whether  the  deposit  is 
biological,  organic,  inorganic,  or  a  combination  of  these 
'Table  .yi-l). 


Transport  is  physical  process  described  by  the  laws 
of  hydrodynamics.  Diffusion  and  turbulent  eddieis  are  the 
primary  mechanisms  of  transport.  Transport  carries  material 
away  from  the  surface  just  as  readily  as  it  brings  material 
t.o  tlie  surfiice.  It  is  influenccsd  by  the  concentration 
gradient  and  diffusion  rate  of  material  in  the  fluid,  and 
fluid  flow  rate?,  viscosity,  and  temperature?. 

Attachment  is  a  physico-chemical  process  where 
particulate  or  soluble  material  bonds  to  the  surface  with 
an  accompanying  reduction  in  free  energy.  It  is  a 
continuous  phenomeinon  which  involves  relatively  weak 
bonding.  It  can  be  as  tenuous  as  the  weak  hydrogen  bonding 
forces  which  account  for  adsorption  of  some  organics,  or  as 
strong  as  the  electrostatic  forces  which  initially  attract 
ions  to  a  crystalline  surface.  Initial  attachment  may 
prepare  a  clean  surface  for  further  fouling.  For  example, 
adsorption  of  an  organic  film  has  been  postulated  to  be  a 
prerequisite  for  biofouling  (Loeb  and  Neihof,  1975;  Baier, 
197::). 

Re?action  is  the  process  wher£?by  the  deposit 
accumulates,  hardens,  and  develops  structure.  Material 
whiicli  was  loosely  attached  to  the  surface  becomes  more 
firmly  bound.  Structure  begins  to  appear  in  the  form  of, 
for  e;;ample,  a  microbial  mat  surrounded  by  ex  trace?!  1  ul  ar 
[iiol  ysacchar  1  de,  or  a  familiar  crystalline  calcium  carbonate 
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SCIci  1  o. 

Finally,  detachment  cjcci.irs  when  the  deposit  structure 
hreal:s  duwn.  It  either  dissolves  or  fragments  and  is  swept 
a w a y  by  fluid  s hi e a r'  forces. 

For  the  spiecific  case?  of  fouling  biofilms,  the  four 
fundamental  processes  reduce  to  the  following  (Characklis, 

1  '5S 1  >  ; 

•  Transport  of  organics  and  cells  to  the  wetted 

sur  face 

•  Adsorption  and  firm  adhesion  of  the  cells  to  the 

w  e  1 1  e  d  surf  a  c  (? 

■  Microbial  cell  growth  and  EF-'S  formation  at  the 

wetted  surface  and  withiri  the  biofilm 

■  Detachment  of  biofilin  material  primarily  due  to 

fluid  shear  forces 

BFtEAl-lNG  THE  CHAni 


F'ouling  control  involves  interrupting  any  of  the 
f '..indamental  fouling  processes.  In  Table  XI-2  common  fouling 
control  methods  ar'e  categorized  according  to  their  effect  on 
■f  u  n  d  a  m  e  n  t  a  1  p  r  o  c  e  s  s  e  s . 

Decreasing  transport  to  the  surface  is  common  in 
control  of  biofouling  <f i I trati on ) ,  scaling  (water 
softening),  and  corrosion  (deoxygenation).  They  all  work  by 
|•oduc^nq  tfie  concentration  of  deposit  promoting  material  i  ri 
the  feed  water.  It  is  an  expensive  technique  since  large 
volumes  of  relatively  high  quality  water  must  be  produced  to 
be  effective:'.  Cine  way  c^round  this  is  to  find  ttie  weaF!est 
link  in  the?  transport  process;  tfie  essential  fouling 
promoting  substance  winch  is  lowest  in  concentration.  Since 
botfi  biofouling  and,  indirectly,  microbially  mediated 
corrosion  require  a.  number  of  micronutrients  this  might  be  a 
fruitful  place  to  start.  Once  an  effective  method  is  found, 
it;  can  be  implemented  using  the  well  developed  technology 
fciund  in  the  water  softening  industry. 

Other-  generalized  wziys  to  reduce  tranport  to  the 
surface  would  bt?  to  reduce  flow  rate,  reduce  turbulence,  or 
increase  viscosity.  While  these  may  not  seem  practical  in 
11  ::neral  ,  for  some  systems  they  may  work. 

Tnter-rupti  nq  the  inteerfacial  process  of 
adsor pt i on-attchment  can  be  used  to  reduce  both  biofouling 
hind  thus  indirectly  corrosion)  and  scaling.  This  is 
uc.i  omi-' 1  1  shed  by  reducing  the  energy  of  attraction  between 
ffif;'  particles  and  tfio  surface.  It  can  occur  when  the 
f'lulinrj  surface  is  at  an  optimum  surface  energy  (Dexter, 
l'V77r  or,  when  tlie  fouling  particle  surface  cFiarge  is 
cliarigL'i:;!  by  adding  polyelectrolytes  or  surfactants  to  the 
Water  (Drew  (:hc?mical  Corp.,  1979).  By  occupying  bonding 
■  j  tos  on  particle  or  surface  or  both,  tFie  fouling  process  is 
lilt  er  r  up  ted  . 
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Inhibiting  growth  or  accumulation  is  widely  used  in 
industry  to  control  -fouling.  Biocides,  such  as  chlorine, 
inhiibit  the  dev€?lopment  of  microbial  slimes,  crystal  growth 
inhibitors  interfe>re  with  the  development  ot  the  crystalline 
lattice  in  inorganic  scale  deposits  (Drew  Chemical  Corp., 
1979),  and  protective  paints  arid  cathodic  protection  inhibit 
develpment  o-f  corrosion  deposits.  A  signi-ficant 
disadvantage  with  active  growth  inhibi  tor’s  such  as  the 
guaternary  ammonium  biocides  is  that  they  must  be  applied 
continuously.  Otherwise,  since  they  do  riot  remove 
accumulated  deposits,  growth  resumes  where  it  le-ft  o-f-f  when 
application  is  inherrrupted  (Characl lis,  unpublished 
resul ts) . 

Finally,  the?  most  o-f  ten  used  method  for  -fouling  conti'ol 
is  enhancement  o-f  detachment.  Botlt  physical  and  chemical 
trieihods  ar'e  used  which  disrupt  bonding  to  the  sur-face  or 
de>-:;ti-oy  cohesiveness  o-f  the  deposit.  Mechanical  metfiods, 
sucfi  as  increasing  the  flow  rate,  or  scraping  the  sur-faces, 
r  enicive  -fouling  deposits  but  must  be  used  at  in-frequent 
intervals  since  they  disrupt  normal  plant  operation. 
frh(?(iac;als  are  also  o-ften  used  at  in-frequent  intervals  to 
r  c-iriuv!'  uccumulcited  -fouling  deposits.  For  eiiample,  chloriine 
IS  applied  in  "sliock"  doses  to  strip  microbial  slimes  -from 
-fouled  sur-faces.  Likcjwise,  acids  or  chelating  agents  are 
i.'sed  to  remove  inorganic  scale  deposits.  These  intermittent 
metiuids  are  generally  simple  to  implement  but  often  create 
other  problems: 

1)  When  use'd  to  control  biofouling,  they  can  cause 
rapid  reqrowth.  The  rate  of  deposit  accumulation 
after  "shock"  dosing  with  chlorine  is  often  greater 
than  before  treatment.  This  may  result  from 

i ncQdip  1  ete  removal  of  the  deposit  leaving  either 
some  viiible  mi cr oorgni sms  on  the  surface  or  a  more 
attractive  surface  for  microbial  attachment. 

2)  It  is  costly  to  apply  chemicals  in  the  tiigh 
concentrations  neicessary  to  be  completely 
ef  f  ect i ve . 

3)  The  liigh  concentrations  of  chemicals  used  in 
intermittent  control  of  fouling  are  to;:ic  in  the 
errv'i  r  onment 

4)  The  plant  often  operates  at  a  borderline  efficiency 
until  it  is  deemed  necessary  to  clean. 

Nevertheless,  while  traditional  biofoul ing  control 
mettinds  have  addressed  each  of  these  processes,  for  the  most 
par  t,  they  Irave  concentrated  on  enhancing  detachment  through 
use  of  chlorine. 


BIOFOULING  CONTROL  WITH  CHLORINE 
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Efi  D-f  cDi.il  ;l  ng  tg  c  ontr  al  I  e?d  by  a  wide  variety  of  pftysical 
and  cliemical  means  vEU^ririt?  Research,  Inc.,  1976;  Battaglia 
L'-i  al  .  ,  19G!1;  Graham,  1982;  Roe  and  Characklis,  19S2J  . 

However,  the  most  e-f-fective  and  most  commonly  used  method 
for  controlling  and/or  preventing  biotouling  is 
ch  1  or  i  neit  i  on  .  Recent  concern  over  the  tor.icity  o-f  chlorine 
'Hall  (?f  ai  .  ,  1981)  and  some  o-f  its  reaction  products 

'hTr  abal  ka  and  Burch,  1978)  has  stimulated  a  search  -for 
alternatives  (Battaglia  et  al  .  ,  1981;  Waite  and  Fagaii, 

19S'D;  Eiurton,  19B0).  Nevertheless,  chlorination  is  still 
widely  pr'acticed  in  power  plants  and  in  process  plants  -for 
minimising  the  negative  effects  o-f  biofouling  (Battaglia  et 
a'!.,  1931). 

Chlorine  itself  is  usgcJ  in  a  variety  of  ways  to  control 
biofouling.  It  is  applied  as  chlorine  gas,  hypochlorite 
1 -jn  ,  chlorine  dioiide,  and  is  el  ectr  ochemi  cal  1  y  generated  in 
sea  water.  Chlorine  is  used  in  once— through  systems  or  in 
I  £•<;  i  r  c  Lil  a  t  i  ng  cooling  towers;  applied  continuously  or  in 
SiiQck  dosages.  It  is  used  in  fresh  water  systems  and  sea 
Wider:  in  clean  water  arid  in  contaminated  water  containing 
higt)  levels  of  u;;  i  d  i  i- ab  1  e  materials. 

funstraints  placed  on  the  use  of  chlorine  have  often 
liduifv-d  its  success  in  biofouling  control.  These 
(■  '  in  i:.  1  r  a  i  n  t  s  i  n  ( :  1  u  d  e : 

1)  Cost  effectiveness.  This  may  be  a  factor  in 

one  e-tlir  ouyl  I  systems  where  extremely  high  ctilorine 
demand  exists. 

2)  Limitations  in  condenser  materials  which  lead  to 
corrosion.  High  chloride  levels  ofteri  develop  in 
rec i r cul at 1 ng  cooling  tower  systems  operating  at 
fiigh  cycles  of  concentration.  f>. 

3)  En V i r unmental  regulations  which  limit  effluent 
levels  of  ctilorine  in  receiving  waters. 

The  latter  ftas  been  the  pr'incipal  constraint  on  use  of 
cliloi  ine  in  once-through  cooling  water  systems  since 
discovery  of  its  'diverse  ciffect  on  fieal  th  and  the 
('nv  1 !- orimont .  Cfilarino  and  chlorine-produced  oxidants  have 
heen  found  to  be  toxic  to  aquatic  life  (Brungs,  1973).  In 
i  i  1 1  on  ,  chlc'i-irio  reacts  with  waterborne  organic  compounds 
1.0  |jr/)d'ice’  r>ot  eiit  i  a  1  1  y  car'c  i  nogeni  c  chlorinated  organics 
'  Jelie.'--  t  T  a-I  .  ,  1970;  Bean  et  a/.,  1980).  Briley 

''1931.0  stiowed  that  chlorination  of  the  alga  Rnabena 
c'^JjTuirica  and  its  extracellular  products  formed 
l.i  ■  ]  1 1  H  o'lic’thane's  (THMs).  This  suggests  that  chlorination  of 
hiofilms  and  their  associated  extracellular  polymeric 
■  ii  'tcrial  may  contribute  to  THMs  in  the  aquatic  environment. 

Chlor.lne  has  been  widely  used  as  a  disinfectant  in  the 
wviter  treatment  industry.  It  was  originally  presumed  that 
L'l)  was  the  only  way  it  controlled  biofouling.  Recently, 

I  lowevc'r  ,  ox  fier  i  mental  results  have  indicated  that  chlorine 
■  I'  I)  o;jdi:!es  and  depoi  yme»r  i  2  es  the?  FIF'S  in  the  biofilm 
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causing  destruction  o+  the  bio-filin  matrix  and  its  detachment 
■from  the  surface  <Characl;lis  and  Dydel-  ,  1976).  There  is 

still  some?  contrcjvesr  sy  oveer  which  mectianism  is  r'£?sponsi  bl  e 
for  chlorine's  superior  effectiveness  in  fouling  control 
^bongers  et  ai . ,  1977).  It  is  probable  that  both 

inechanisms  operate  to  varying  degrees  depending  on  process 
c.ondi  tions. 

Control  of  biofouling  with  chlorine  in  turbulent  flow 
IS  pe?rceived  to  occur  as  a  result  of  the  following  processes 
consistent  with  either  mechanism  (Figure 

■  Chlorine  species  entering  the  pipe  segment  react 

with  chi  or  1 ne-demandi ng  components  (viable  cells  and 
chemical  compounds)  in  the  bul)  water. 

■  Chlorine  species  ar'e  transported  Ltirougti  the  bull 

fluid  to  the  water-b  i  C'f  1  1  m  interface. 

•Chior-ine  species  di-f  fusts  and  risset  within  the 
biof 1 1 m. 

Since  both  "solid"  arid  liquid  phases  are  present,  the 
chi  or i ne~bi of  1 1 m  reaction  can  be  termed  a  heterogeneous 
pr'oeess.  In  heterogeneous  systems  such  as  this,  there  is  a 
tiigh  probability  that  transport  rates  will  Imnt  the  overall 
rate  of  reaction.  This  includes  transport  of  r eactants  and 
products  in  each  phase  and  across  phase  boundaries. 

Mclntire  et  al  (1983)  have  developed  a  mathemcft i cal  model 
describing  the  combined  effect  of  transport  and  reaction  on 
the  eif  f  ecti  veness  of  chlorine  in  controlling  biofouling  in  & 
circular  tube. 

TF(ANSPORT  OF  CHLORINE 

Water ._Phase.  The  rate  at  which  ciilorine  is  transported  to 
the  biofilm  depends  on  the?  concentration  of  chlor’ine  in  the 
bulk  water  and  the  intensity  of  turbulence. 

The  concentration  of  chlorine  in  the  bulk  water  is 
related  to  its  rate  of  application  minus  the  rate  of 
ciilorine  demand  of  the  water.  If  tlie  chlorine  concentration 
at  the  biofilm  interface  is  tfie  same  as  its  concentr  at  i  on  in 
the  bulk  water,  then  the  c<v-icentrat  i  on  in  the  water  drives 
the  reactions  of  chlorine  within  the  biofilm.  If  chlorine 
reacts  with  the?  biofiliTi  relatively  rapidly,  the 
concentrati on  at  the  interface  will  be  low  and  physical 
tranpsert  of  chlorvine  to  th£?  interface  may  limit  the  rate  of 
the  overall  process  within  the  biofilm. 

By  increasing  the  intensity  of  turbulence  through 
increased  flow  rate,  both  the  transport  rates  in  the  bulk 
water  and  the  concentration  at  the  interface  will  increase. 
In  the  bulk  water,  chlorine  is  transported  primarily  by  eddy 
diffusion.  Several  i nvesti gators  have  observed  that 
increasing  turbulence  results  in  increased  chlorine  reaction 
rates  (Norrman  et  al  .  ,  1977;  Nova!.,  1982;  Miller  and  Bott, 

1981).  Novak  (1982)  observed  a  first  order  rate  with 
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■■  '-pi'crh  t  (j  chlor  j  nt?  t;aiic,t‘n1:r£\t.  j  on  which  intJicates  either  a 
'  r  ..  t  c.r  (ier  r  oac  t  i  on  or  m.s-so  transfer  limitation. 

[  ) '.'f  1  1  cii.  Ihe  Iraiisport  of  chlorine  in  biofilms  occurs 
pi  ily  by'  molecular  diffusion.  Since  the  composition  of 

t'lofiims  IS  froii'  to  99  percent  water,  the  diffusivity  of 

■  dilorine  m  biofilm  it-  probably  similar  to  its  diffusivity 
in  water.  I  ii  biofilms  of  higher  density,  or  in  those 
contdiniriq  microbial  loatter  associated  with  inorganic 
s'cales,  t  uhercul  c's,,  or  sediment  deposits,  diffusion  of 

L  t)  ]  or  1  no  inay  bo  i  el  ai.  j  -^'el  y  si  ow. 

R  E  i  n  C  7  1 0  N  ( j  F  r  hi  L  O  f  1'  I N  E 

''''Vy-E'E  Pha'dR*  The  r'eaction  of  chlor’ine  in  the  water  phase  is 
u>_  nor  a  1  1 V  referred  to  as  the  "chlorine  demand"  of  the  Wc'it'er. 
ITi!.'  chJorin','  iJemand  is  due  to  o::  i  di :::  ab  1  e  inorganic 
eOiTipoui  ids ,  Ml  game  compounds,  microbial  cells,  and  other 
r'.-v  t  i  cul  atc-'s  in  the  water.  These  o;;idi2able  species  compete 
wj  Ml  tlie  biofiliti  for  available  chlc'rine  and  oftesn  reduce  the 
e  f  f  ec  i,  1  ven(:v:)S  of  biofouling  control.  both  the  e;-;tent  and 
rat''  of  chlorine?  demand  determine  the  amount  of  chlorine 
available  for  birjfouling  control  Present  methods  for 
oirtaininq  chlorine  deimand  meeisur-e  only  how  mucti  chlorine  is 
consumed,  i.e.,  a  stoichiometric  quantity.  The  rate  of 

■  iilorine  demand  ii.e.,  how  fast  chlorine  is  consumed)  would 
Lie  a  more  useful  quantity  for  assessing  its  effect  on 

Li  i  of  ou  1  i  n  g  c  on  t  r  o  1  . 

Donqers  (1977)  measured  the  rate  of  decay  of  chlorine 
in  O'Stuarine  waters  and  found  it  to  occur  in  three  phases. 

Ho  found  tliat  dur  :i  ng  fihase  one  free  chorine  rapidly  dropped 
M"'  about  half  of  its  original  concentration  in  30  seconds. 
Two  successive  but  distincL  phases  had  rates  of  decay  which 
Wfce  E3  gn  i  f  :i  cant  I  V  slower.  These  data  imply  that  reactions 
in  t.lie  water  ptiase  cannot  necessarily  be  modeled  by  a  single 
!:^.ii?iple  first  order  rate  expression 

In  mai  ine  or  estuar'ine  waiters,  bromide  ion  may 
roiiresent  a  significant  fr-action  of  the  chlorine  demand. 
Biijinine  Hiypobr  oifii  te  ion)  is  rapidly  formc?d  from  reaction  of 
' . !  1 1  o  r  i  n  e  w  1 1  It  b  r  o  m  i  d  e  ion: 

HOCl  I  Br-  =  HOBr  i  Cl" 

Hypobromite  is  a  strong  disinfectant  and  is  probably 
f  ■  f  f  C'C  L 1  ve  at  destroying  biofilm  EPS  as  well. 

The  amines  iire  a  class  of  compounds,  ubiquitous  in 
nature,  which  ar-e  often  responsible  for  chlorine  demand  in 
cooling  water  sources.  Ammonia,  the  parent  compound  for  the 
aiiu  lies,  r'eacts  with  chlorine  to  form  mono-,  di-,  and 
!'  r  1  ctil  or  ami  ne: 


HOC!  +  NHs  •=  NH2CI  +  H=,0 


l-IOCl  +  NH^-Cl 


NHCla;  +  HaO 


HOCl  +  NHCl 


NCI, 


+  H-.0 


Where  ottier  amines  are  present  and  in  sea  water 
where  bromide  is  present,  the  number  of  possible 
reactions  and  cross  reactions  increase  very  quickly 
(Haag  and  Lietzke,  1980).  It  is  not  known  to  what 
extent  halogenated  amines,  often  referred  to  as 
"combined  ctilorine",  can  disrupt  microbial  films. 

Temperature  has  been  shown  to  significantly  affect 
both  the  rate  and  extent  of  chlorine  consumption  in  sea 
water  (Wong,,  1980).  Consequently,  fluid  teiiiperatur e 
may  affect  fouling  control  where  there  is  significant 
chlorine  demand. 


Bi_gfilm.  Chlorine  reacts  wi  t  )i  various  or  gam  c  and 
reduced  inorganic  components  within  the  (liotilin.  It 
can  disrupt  cellular  mater i.al  arid  inar  Livate  coils 
(di  SI  rif  ect )  .  In  well  developed  biolilms,  its  greatest 
apparent  effect  is  reaction  with  EPS  (primarilv 
pol  ysacchar  j  cies)  which  are  refsponsible  for  the  (itiysical 
integrity  o'  the  biofilm  (Characklis  and  Dydel  . 

0  series  of  studies  (Characklis,  IV/l;  i.'hracMis  and 
Dydek,  1974;  Characklis  et  af  .  ,  1980)  have  estimatt'd 

the  process  i-ate  and  process  stoi  cli  i  omet  r  /  of  Die 
reaction  of  chlorine  with  i  rnmob  i  1  i  .i  ed  biefilm. 

However,  these  diita  reflect  variations  res'ilfing  C  om 
poorly  defined  chlorine  demand  and  microbial 
popul at i ons. 

Bacterial  floes  and  biofilms  that  ai  e  ricfi  in  EfS 
exhibit  a  more  rapid  and  ultimately  greater  chlorine 
demand  (Characklis  and  Dydek,  197t('.  Uno  possible 
er^planation  is  derived  from  the  obst-r  vat  i  ori  ttiat, 
hypochlorite-^  ion  attacks  glucose  pol  ysaccliar  i  hex  with 
extensive  oxidation  at  ttie  and  C,  positicfir  of 
D- glucose  units,  wnich  results  ir>  cleavage  of  the 
C^-C,  bond  (Hul linger,  1964;  Whistler  ef  al  , 

1956).  Depolymerization  can  result  from  the  induct  i  -.c 
effects  of  this  oxidation,  from  direct  oxidative 
cleavage  of  the  glucosidic  bond,  or  from  degradatiori  of 
tfie  intermediate  carbonyl  compound. 

Most  of  what  is  known  about  cfilorinc  di  si  rif  ect  i  r'n 
IS  deprived  fr'om  water"  treatment  studies.  It  i 
generally  ayres'd  tfiat  chlorine  disinfects  by  inhibiting 
riizymatic  processes  within  tlie  bacterial  cell  (White. 
1972;  Wyss,  1962).  Chlor-ints  has  been  found  to  be  more 
(::>f  f  63C  t  i  ve  as  a  disinfectant  at  pH  is.O  to  pH  6.5  (Wtiite. 
1972).  Hypoc.  . or ous  acid  predominates  at  these  pH 
values.  It  is  postulated  that  the  hypocfil  or  ous  acid 
molecule,  which  is  electrically  neutral  and  fias  a 
smaller  solvation  shcell  than  the  hypochlorite  ion,  can 
readily  pass  through  cellular  membranes  while  the 
hypochlorite  ion  cannot. 

Q!QQdgDl£!r...iyc£i!ES'  The  condenser  surface  may  also 
exert  a  chlorine  demand.  Characklis  and  Zel ver  (1983) 
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liave  d(j(-HMU3nted  t  he  clilorine  demand  o-f  a  capper -ni  ckel 
alloy.  Titaruum,  on  the  oilier  hand,  e;;erted  no  such 
demand.  Lewis  (.1982a)  also  found  ttiat  Cu-Ni  reels  with 
chlorine.  The  clilorine  demand  may  be  directly  related 
to  the  significant  corrosion  observed  in  sea  water 
studies  when  copper -ni ckel  alloys  are  chlorinated 
regularly  (Fischer,  1980).  This  may  be  due  to 
s  (oi  ch  i  ome  ti- 1  c  reaction  ot  the  tube  alloy  with 
chlorine,  or  removal  ot  a  protective  OKide  coating  from 
the  alloy,  rendering  the  underlying  metal  vi.dnerable  to 
other'  cor-r  osi  on  reactions.  Metal  ions  sucli  as  Cu  (  1 1  ) 
liave  l.ii'.-en  shown  to  catalyze  chlorine  deicomposi  1 1  on 
(Li  3 ter  ,  1  . 

BIOFILM  REMOVAL  AMD/OR  DESl  R'JCl  I OM.  The  reaction  ot 
cfilorine  with  biotilm  produces  an  immediate  response  in 
M  ie  L'ulk  vjatei-  by  i  nci-easi  nq  tur-bid)  ty  and  the  soluble 
organic  constituents  (Characklis  and  Dydek,  1976).  A 
31 grn  t i cant  removal  at  biotilm  is  evidenced  by  a 
deer  iic'iiiie  in  biC't.ilm  thick: ness  (Lharacklis  et  al  .  , 

J9GiO;  Mlilc'i'  and  Bolt,  1981)  arid  a  decrease  in  tluid 
f  r  i  c.  t  :i  cu  la  1  r-es i  s  I  ance  ( Char c  k  ]  i  s ,  1  98L> ;  Char  ac  k  1  i  s  and 

t'ydcL:,  1976;  llor-r'man  et  nl  ,  ,  1977).  Inacti  vation  ot 

the  biotilm  with  a  nono::  i  d  i  z  i  nq  poison  does  not  result 
tn  any  biotilm  remo-ral  ( Char'i.  k  1  i  s  and  Dydek,  1976). 
ilio  results  suggest  that  hypochlorite  ion  oxidizes  EPS) 
vnthin  tlie  biotilm  resulting  in  depol  ymer  i  z  at  i  on  , 
d  i  s  sol  ut  1  on ,  and  det  achinent . 

Charackdis  et  aJ  (1900)  reported  that  biotilm 
dc’l.  achdiont  rl.■•su^flng  from  chlorination  is  itiuch  higher 
ho!  we  en  ^,11  and  8.5  than  between  pH  6  and  7  where 

d  i  I  n  f  oc  1 1  cm  is  optimum.  These  data  are  consistent 
wj  f.Li  dai-a  for-  cl>  1  or  i  nat  i  on  ot  piol  ysacchar  i  des  such  as 
•starch,  which  is  optimum  at  pH>7  (Whistler  and 
Sekiwoi  qer  ,  1957).  Similar  data  are  not  available  tor 

monrjcf  1 1  or  ami  nc-’,  di  ch  1  oraini  ne,  or  other  N-chloro 
oiiipounds . 

Chlorine  "enhancers"  ar't?  sometimes  added  to 
improve  ch  1  or' i  nat  i  on  pertormance.  Supposedly,  these 
C'omriounds  increase  pienetration  ot  chlorine  into  the 
b  i  o  f  I  I  m . 

Chlarino  concentr  at  i  ons  as  higfi  as  20  mg/1  applied 
'.ever. a  I  1 1  ines  a  day  may  be  needed  to  ettectively 
■  '::uil:r'o]  to  '  iv  h  ml  i  nq  al  a  power'  plant  (Battaglia  et 
at...,  1901).  The  criterion  tor  dosage  is  frequently 

lb'’  ri'O'jual  concentration  in  the  outlet  water.  By 
Mi.ii  I ,  I  I  1 1 ,  ;  ,g  ,:i  lesitiual  at  the  outlet,  chlorine  demand 
jii  Ml'-  wal.ei  113  presumably  nullified.  Typical  chlorine 
tc'ciduals  in  the  outlet  range  from  0.1  to  0.5  mg/1  tor 
•  •  f  f  er.  1 1  vo  per- f  or  marice . 

riuid  shear  forces  may  play  a  major  role  in  the 
r  (.uriC'V,.H  1  ot  In  o  f  1  1  r  .  Several  investigators  (Norman  et 

IV/'M  Miiltr  .ind  Boll,  1981;  Novak,  1982; 

(  lirir.ii  I  !  I'..  I'l’riii)  mi  ■'.-•sur  c'd  a  Ingher  r  i.ite  ot  chlorine 
uptnlc  bv  hiiui  I  iim  and  <:•  greater  amount  ot  biotilm 
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removed  when  thr  fluid  eliear  stress  was  greater.  The 
authars  suggest  that  yreal er  shear  larce  may  have  the 
foil uwi ng  ef  v  ec  t  : 

1  fit.reases  riiass  transfer  uf  crilorine  from  the  water’ 
t  o  the  b 1 Q  f 1 1 m 

•  Di:jr’uptvj  tlie  biufilm  dii.’inq  ch  1  or  i  na  t.  l  on  , 

r  eei-i  t  r  a  1  n  i  nc)  reaetioii  prr  odncts  iti  ttie  water  phase 
and  e::posing  new  surfaces  for  chlorine  attacl. 

■  lnc:reasing  shear  force  (fluid  velocityi  also 

reflects  i  thinner  viscous  sublayer  in  tlie  tube. 

The  viscous  s’lblriyer  is  a  regiori  uf  low  shear  force; 
and  biofilni  within  the  viscous  sublayer  will  not  be 
disrupted  to  a  great  e;;tent.  Timperley  (1901)  has 
commented  on  this  effect  of  iiiean  flow  velocity  on 
the  cleaning  of  biofouled  tubes. 

Observations  indicate  that  a  residual  biofouling 
d'.po':;!  t  remains  aifter  removal  thr'ough  intermitent  chlorine 
fi  catment.  This  fiasi  important  consequences  for  subsequerit 
regrowth  of  the  biofouling  deposit. 

BIOFOULING  CONTROL  THROUGH  DISINFLCT lONG.  Low  level 
chlorination  can  significantly  reduce  viable  microbial  cells 
in  water  and  destroy  some  of  the  nutrients  necessar’y  for 
cell  growth.  It  is  effectively  used  to  maintain  drinking 
water  quJaity  at  residual  concentr at i ons  as  low  as  0.03  mg/1 
''Biros,  19af))  .  It  is  also  effective  in  controlling 
a  t  La.climen  t  and  growth  of  epifaunal  aniiiiuls  in  lieat  exchanger 
cyL'Ieini;.  (White,  1972;  Bongers,  1977).  L.ow  level 
i;:  I  n  or  1 1  lal.  j  on  ,  how£?ver’,  is  not  sufficient  to  prevent 
att  aclid'iC'n  t  of  surviving  viable  cells  to  lieat  ex  clianger 
uiLlls.  l.ovj  level,  continuous  chlorination  can  be  used  to 
!iilow  down  rnicriibial  fouling  but  not  eliminate  it. 

Concen  tr  at  i  ons  of  chlorine;  hiqli  enough  to  make  these?  systems 
aseptic  would  be?  protii  b  1 1  i  vel  y  expensive  and  create 
i.iiiaccep  tabl  e  environmental  damage. 

BIOFIL-M  fi'EGROWTH.  Numberous  i  nvesti  rjators  (Cbaracklis, 

198(';  Norrman  et  dl  ,  1977;  Novak,  1982;  Miller  and  Eiott, 
1981;  Lewis,  1982a)  and  plant  operators  have  observed  a 
rapiit  resumption  of  biofouling  immediately  following 
chlorine?  treatment  and  have  termed  this  phenomenon 
"r-eejr’owth" .  F-'igur’e?  XI-2  (Lewis,  1982a)  illustrates  this 
pi  lenomonon .  Regrowth  may  be  due  to  one  or  all  of  the 
f  ol  1  owi  nej  r’easons: 

•  The  remaining  biofilm  contains  enough  viable 

organisms  to  preclude  any  lag  phase  in  fouling 
biofilm  formation  observed  on  clean  tubes. 

•  The  remaining  biofilm  is  rc?latively  rough  and 

enhances  transport  of  microbial  cells  and  other 
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cainpoundt,  lo  I  he  'iur-f  ace.  Th«’  roughness  a-f  the 
deposit  also  provides  a  "sticlier"  sur+ace. 

'  Tti*'  i:hiarine  simp]/  removes  EPS  and  leaves  biolilm 
inorr-  ei'posed  to  nutrients. 

■  EPS  IS  rar'idly  '.reated  t>v  '^iur  vi  vi  nq  organisms  as  a 
pi  d1  e(.  t  I  vi-  r  i-^sponse  to  irritation  by  chlorine. 

Ttier''  is  seleul.ion  for  a  chlorine  resistant 
( ir  gan  i  sm  ie.g.,  aine  wliicfi  normally  produces 
CMcessive  amounts  of  EPE-*  whicti  proliferates  on 
s 1. 1  c c-? E  s  J  V e  i: ) ,  ]  or  I  n a  t  j  on  s  - 

f'apid  regrowth  has  also  been  observed  on  walls  of  water 
d  1 t  r  I  tint  i  •jn  s..ystoms  (Pidgeway  and  Dlsori,  1982;  Berg  et 
:  ,  I9!.t2).  These  a.'.'thors  both  demonstrated  that  bacteria 

p'  ou’b  i  y  s,- pi  cried  to  chlorine  wore  more  resistant  to 
u'hJorjne  than  tlios?>  never"  exposed.  This  is  consistent  with 
I  i  I  <  ■  i  .M 1. 1  c:?  r  t  w  o  h  y  j.  >  o  t  h  o  s  e  s  . 

i  ii  tei-  r  !  c'lided  pei  locls  of  repeated  chlorination,  a 
r' I  ■';>T  dn=il  r  of  r' a t  or  /  maier-ial  has  been  noted  in  several 
1 ;  .'v'o:':  1 1  gat  1  ons  (Cfiara.cl.l  i  s,  1980;  Mangum  and  Shepher'd,  197-3; 
L.'.'wis.,  I'vBilb).  The  deposit  increases  in  ash  content  with 
repeated  cl 1 1  or i nat i on  and,  in  sveral  cases,  and  inordinately 
liiqh  content  of  manganese  has  been  observed.  The  refractory 
deposit  fias  an  inhibitory  effect  on  biofouling  <Mangum  and 
Shepherd,  1973'.  This  refractory  material  may  accumulate  to 
such  an  extent  tliat  it  impedes  heat  transfer  and  will  not  be 
f  f  e  c  1:  d  ti  y  c;  I  i  1  o  i-  i  r  i  e . 

D I SPUSB I ON 


iThlor mo  IS  a  superior  microbial  fouling  control  agent 
l>ecause  it  can  eflectively  disrupt  and  loosen  fouling 
dr’posits.  chloriiif?,  in  the  watcrr  phase,  can  also  inactivate 
r.  r  r.bi  ,.il  rolls  <  d  i  s  i  nf  or:t '  and  oKidize  nutrients.  When 
•  dilor  1  no  ■  1  i:,  l..■lof]l^^,  the  following  occurs;  detachment 

ih-  ,1  :  .  t  1  I.  ;ii ,  di 'csol  ut  1  fMi  of  liiofilm  componetits,  and 
‘f.i  I  rvioc-i  {  on .  Chlorine  is  consunied  in  all  of  these 
i  eac  1  i  ons (.imirei.l  observations  suggest  that  the  following 
i  -M.  tiji  influiMici!  I.  he  rate  of  the  ch  1  or  i  ne--b  i  of  i  1  m  reaction: 

!  I  Ti  ansFiort  of  t  liloririe  from  the  water  to  the 

water  -b  I  of  1 1  m  intei  face.  Transport  r'ate  increases 
i-iith  increasing  chlorine  concentrat  i  on  and 
tur  bul  once. 

Trarispor  t  of  ctilorine  within  the  biofilm  or 
dc^posit.  Transport  rate  can  be  increased  by 
incrc'asing  the  chlorine  concentration  at  the 
water -b i of i 1 m  i nterf ace. 

Peaction  of  chlorine  within  the  biofilm. 
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e^specially  the  abiotic,  components. 

4)  Detachnient  and  reentr  ai  nment  of  reactced  bifoilm 
primarily  due  to  fluid  shear  stress. 

5)  The  hvpochlorous  acid-hypochlorite  lofi  equilibrium, 
which  on  the  one  hand  favors  disinfection  (HOCl ) 
and  on  the;  other  favors  detachment  iOCl~). 

6)  Di  SI  nf  ec  t  i  cjn ,  which  is  effective  at  low  chlorine 
concesntrat  1  ons  but  unfavorably  competes  with  the 
EPB  of  wel 1 -devel oped  biofilms  for  available 

cli  1  or  me. 

Consequently,  a  chlorination  treatment  proqr'am  may  bef 
improved  by  the  following  measures: 

Increase  chlorine  concentrat i on  at  the 
water -h i of i 1 m  interface.  Most  practically,  this  is 
accnmpl  i  shied  by  increasing  chlorine  concentration  in 
the  water  phase.  However,  anothier  possibility  is  to 
target  chlorination  at  the  water-bi of i 1 m  interface. 

•  Increase  fluid  shear-  stress  at  the  water -bi  of  1 1  m 
interface.  This  requires  increasing  fluid  flow 
rate. 

-  Reduce  chloriru?  demand  of  the  water',  sometimes  a 

difficult,  costly  tash.  If  chlorine  can  be  injected 
in  tfie  viscous  sublayer  region,  the  chlorine  demand 
of  the  water  will  have  significantly  less  effect  on 
the  process. 


■  l.lse  pH  (ontrol  to  fav(>r  hyi  locrti  1  or  i  Le  ion  pr  orrioted 
detachment  with  well  dev(?l  oped  biofilms  and 
hypochlorous  acid  disinfection  with  thin  films. 
Alternate  between  continuous  cfrl  or  i  nat  i  on  at  pH  6.5 
and  "shocf "  chlorination  at  pH  8. 

Hfiile  these  recommeridat  i  ons,  based  on  observations  from 
the  literature,  may  lead  to  more  effective  use  of  chlorine 
for  biofouling  control ,  they  are,  for  the  most  part,  just 
spect 1 1  at j on .  In  fact,  the  processes  conlributing  to  the 
■short  ,rrid  lorig-ter-m  of  f  ecti  venes-s  of  a  chlorination  program 
f  C'r  biofouling  control  are  not  well  understood  since 
■' iinc'a  Wf  ni  f  al  restrar-ch  on  the  topic:  has  never  been 
ceriduc.  ted . 

RESTARCH  MEEDS 


There  are  two  primar-y  questions  that  should  be 
addres'sed  iri  order'  to  develop  a  rational  approacfi  to  using 
liilorjne  in  lieat  e;:chanc)Kr  biofouling  control: 
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1)  Can  we  predict,  based  on  readily  measurable 

parameters,  when  chlorination  will  be  e+tective  or 
when  some  other  method  should  be  selected"'' 

7.)  Once  chlorine  has  been  chosen,  what  control 

strategy  will  optimize  its  use?  Can  e-f-fective 
dosage  be  continually  determined  using  simple 
methods? 

A  principal  tool  in  answering  these  questions  will  be 
an  accurate  predictive  model  -for  describing  the  influence  o-f 
cldorine  on  -fouling  bio-films. 

Considerable  work  has  appeared  in  the  literature  on 
pr'edicting  the  -fate  o-f  chlorine  in  cooling  water  based  on 
laboratory  studies  and  equilibrium  or  kinetic  models  (Zielke 
and  Macey,  1980;  Sugam  and  Helz,  1980;  Haacj  and  Lietzke, 

1980;  Helz  et  al . ,  1970).  These  studies  have  concentrated 

on  equilibrium  or  kinetic;  chlorine  demand  of  the  cooling 
water  and  have  assumed  insignificant  reaction  at  the  heat 
B'changer  surfaces.  The  results  have  not  always  been 
succesEif ul  (Helz  et  al  .  ,  1978)  and  chlorine  minimization 

programs  are  still  relied  on  in  most  cases  (Moss  et  ai  .  , 
1979).  Minimization  studies  are  costly  and  cannot  account 
for  seasonal  changes  in  water  quality  and  variations  in 
power  demand.  The  model  developed  by  Mclntire  et  al 
(1983)  describes  the  chlorine-biofilm  reaction  in  a  circular- 
tube  under  turbulent  flow  conditions,  and  takes  into  account 
both  transport  and  reaction  of  chlorine  in  the  water  and 
biofilm.  The  principal  relationships  in  the  model  are 
derived  from  the  fallowing  equation  of  continuity  expressed 
in  cylindrical  c::oordi  nates  (figure  XI-3): 


i  +  R  =  +  V 

r  J  Izi,  az/  -)z  ^9r'  .It 


eq  X  I  -  1 


1 1  IS  a  s  s  u  m  e  d  t  h  a  t : 


-  Met  flow  of  fluiii  into  the  film  is  negligible. 

-  Radial  concentration  gradients  of  chlorine  are 

much  greater  than  axial  concentrati on  gradients. 

•  Mass  transport  is  solely  by  rdial  dif  ision  and 
axial  convection. 

With  these  assumptions,  equation  1  reduces  to  equation 
?  (processes  occurring  in  the  fluid  phase),  and  to  equation 
3  '  pi"c'>c‘-S5es  occuring  in  the  biofilm): 


V  3c  = 
^3z 


1  3 /D^r3c^ 

r  3r\  ^  3r/ 


-f  R 


f 


eq  XI-2 
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1 

r 


eq  XI-3 


where: 

C  =  chlorine  concentration 

Df  ,  Dt,  =  e-f-fective  di-f -tusivity  o-f  chlorine  in  the 

■fluid  and  bio-film 

V.  =  axial  t i me- smoothed  -fluid  velocity 
=  radial  time-smoothed  tluid  velocity 

Rr  ,  Rh  =  reaction  rate  o-f  chlorine  in  the  fluid 

and  biofilm 

Reactions  in  the  fluid  and  i.i  the  biofilm  are 
approximated  by  two  first  order  kinetic  expressions. 

Boundary  conditions  are  as  follows: 

C  =  Ca  at  z  =0,  the  entrance  to  the  tube. 

dC/dr  =  0  at  r  =  ri,  the  tube  wall. 

dC/dr  =  O  at  r  =  0,  due  to  symmetry  of  the  tube. 

D^dC/drl.,.^=  Dt.dC/drLr,  j  fluxes  into  and  out  of  the 
biofilm-fluid  interface  are  equal. 

cl^=  c|^^at  r  =  ri,the  concentrat i on  of  chlorine  in 
the  fluid  must  be  in  equilibrium  with  the 
concentration  of  chlorine  in  the  film  (interface 
partition  coefficient  =  ot  )  . 

Biofilm  removal  is  described  by  a  simple  mass  balance, 
i.e.,  a  constant  proportion  of  chlorine  entering  the  biofilm 
results  in  removal  of  biomass  from  the  surface. 

The  results  of  the  computer  simulation  are  presented  in 
Figures  XI-4  to  XI-6  in  dimensionless  form.  The  results 
clearly  indicate  the  significant  effect  that  chlorine  demand 
in  the  fluid  can  have  on  the  performance  of  a  chlorination 
program  intended  to  minimize  biofouling. 

Figure  XI-4  indicates  that  a  chlorine  demand  in  the 
fluid  will  deplete  the  water  of  active  chlorine  much  sooner 
than  if  chlorine  demand  were  absent.  Figure  XI-6  indicates 
how  biofilm  removal  progresses  with  time  with  and  without 
chlorine  reaction  in  the  fluid. 

Clearly,  there  is  a  need  to  better  define  the  re.tction 
rate  expressions  which  describe  the  rate  of  chlorine 
demand  in  cooing  waters.  Is  the  assumed  first  order 
expression  in  this  model  sufficient?  Are  the  rate 
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coa+f icients  s.ati ■factory'?  Does  temperature,  which  varies 
si gni f i can  1 1 V  in  heat  exchanger  tubes  (radially  and 
ai'ially),  significantly  influence  the  rate  of  chlorine 

demand? 


i 

i 
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Table  XI  — 1.  Fundamerttal  Fouling  Processes. 


Transpor  t 

-  soluble  material 

-  particulate  material 

Attachment 

-  adsorption 

-  adhesion 

Reactions 

-  particulate 

-  precipitation 

-  corrosion 

-  microbiological 

Detachment 

-  desorption 

-  sloughing 

-  spalling 
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PHYSICAL  •  ACID 


CONTROL  -  BRUSH  ®  R,  0.9 

0.25  mg/I  Cl*  ,24  mln/doy  +  AMERTAP  ©  R,  0.4 


PIPE  WALL 
BIOFILM 


gtaap»>»jg»>aai& 


node  I 


lie  Id  I  1. 1  e 


symbol  kf 

-  0  3.17x10^ 

.  2.31  xIO^  0 

- 2.31x10^  S.lTxlO*^ 


LOG,o(Z") 


!.>i  mensi  onl  c?ss  Fluid  Chlorine  Conoerit  rat  i  on 
Along  the  Length  of  a  Tube  (di mensi onl ese  unite) 
With  Redaction  in  the?  Fluid  (F?)  and  Reaction 
in  the  f!  i  ol  :i  I  m  (if,)  tor  the  Described  Model 
(Mr:  Int  i  re  et  ,  l'v83)  . 


LOG,o(Z*) 


I  I  -A.  T  1  !  I  I  iK.cif.,  oi  l-.he  Biofilm  (dimensionless  units) 

I  enivldi  of  a  Tube  ( di  mens  i  on  1  e*'5s  units' 
a:  c)  (  unc^’ion  of  Time  (T)  Dur  tng  Chlorination 
(Of  Lfie  Described  Model  (Me  Inti  re  et  al  .  , 

1  'vot  f  . 
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